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Zusammenfassung
Das Axino, der fermionische Superpartner des Axinos, ist ein guter Kandidat für kalte
dunkle Materie falls, es das leichteste supersymmetrische Teilchen (LSP) ist. Da das
Axino nur sehr schwach an Materiemultiplets koppelt, hat das nächst-leichteste super-
symmetrische Teilchen (NLSP) eine lange Lebensdauer, was wichtige Konsequenzen
sowohl für die Kosmologie als auch die Beschleunigerphysik hat. Unter der Annahme,
dass ein geladenes Slepton das NLSP ist, werden die kompletten führenden Ein– und
Zweischleifen–Korrekturen zu dessen Zerfall berechnet. Einschränkungen des Param-
eterraums, die sich aus der Kosmologie ergeben, werden im Detail analysiert, und es
wird diskutiert, wie dieses Szenario an Teilchenbeschleunigern untersucht werden kann.
In diesem Zusammenhang wird die supersymmetrische Realisierung der KSVZ Axion–
Erweiterung des Standardmodells untersucht. Die Zwei–, Drei– und Vier–Körper Zer-
fallsbreiten des Stau NLSPs werden mit der Methode der schwere–Masse Entwicklung
berechnet. Unter Zuhilfenahme dieser Resultate wird untersucht, wie der Parameter-
raum des Modells eingeschränkt wird, basierend vor allem auf folgenden Effekten:
• Dichte der dunklen Materie, sowohl der aktuelle Wert als auch von Stau–Zerfällen
abgeleitet;
• klein–Skalen Strukturen;
• katalysierte Big Bang Nukleosynthese;
• späte Energieinjektion.
Es wird gezeigt, dass die Stau Lebensdauer genügend gross sein kann, um primor-
diale gebundene Zustände zu erlauben, die zu katalysierter Big Bang Nukleosynthese
(BBN) von 6Li und 9Be führen. Dies ergibt obere Schranken für die Peccei–Quinn Skala
fa, die wiederum von anderen Parametern des Modells abhängt. Unter Berücksichti-
gung von Effekten später Energiezufuhr werden hadronische und elektromagnetische
BBN Einschränkungen untersucht. Der Vier–Körper Slepton Zerfall in ein Axino, ein
Lepton, und ein Quark–Antiquark–Paar ist von Bedeutung in diesem Fall, da er die
späte hadronische Energiezufuhr bestimmt. Daher werden die erhaltenen BBN Ein-
schränkungen präsentiert, von denen gezeigt wird, dass sie stärkere Einschränkungen auf
manche Regionen des Parameterraums liefern als diejenigen, die aus katalysierter BBN
via Bindungszuständen von Sleptonen gewonnen werden. Diese BBN Einschränkun-
gen auf hadronische Energieabgabe liefern neue obere Schranken für fa. Zusätzlich
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werden Einschränkungen durch die Dichte der dunklen Materie und BBN auf die Rück-
erhitzungstemperatur TR untersucht. Für eine Masse des Axinos kompatibel mit Struk-
turen auf grossen Skalen, mea & 100 keV, wird gezeigt, dass Temperaturen über 10
9GeV
erlaubt werden, falls fa > 3× 1012GeV.
Des weiteren werden phänomenologische Merkmale von supersymmetrischen hadro-
nischen Axion–Modellen an Teilchenbeschleunigern untersucht. Im Besonderen wird
die Effektivität der Messung der Lebensdauer und der Masse des Staus und des Axinos
am LHC und zukünftigen Linearbeschleunigern analysiert. Nur diejenigen Staus, die in
Teilchenkollisionen produziert und im Anschluss im Detektor gefangen werden, werden
für diese Studie benutzt. Es wird gezeigt, dass, obwohl die Masse des Staus auf ein
Prozent genau gemessen werden kann, eine Bestimmung der Lebensdauer des Staus
und der Masse des Axinos am LHC eine grosse Herausforderung darstellen würde.
Schliesslich wird untersucht, welche Schlussfolgerungen gezogen werden können, falls
sowohl das Axino als auch das Gravitino leichter als das Stau wären. Dies kann eine
an Beschleunigern schwer nachzuweisende Konfiguration darstellen, falls nicht genügend
Statistik gesammelt werden kann oder die Massen der beiden Teilchen stark degeneriert
sind. In diesem Szenario können einige restriktivere BBN Einschränkungen vermieden
werden, während einige vormals bevorzugte Regionen des Parameterraums sich nun als
benachteiligt herausstellen.
Abstract
The axino, the fermionic superpartner of the axion, is a well–motivated candidate for
cold dark matter if it is the lightest supersymmetric particle (LSP). Since the axino cou-
ples very weakly to the matter multiplets, the next–to–lightest supersymmetric particle
(NLSP) has a long lifetime, which has important consequences for both cosmology and
collider phenomenology. Assuming that a charged slepton is the NLSP, the complete
leading one– and two–loop contributions to its decay are calculated. The constraints
on the parameter space from cosmology are analysed in detail and the means by which
this scenario can be probed at colliders are discussed.
In this framework the supersymmetric realisation of the KSVZ axion extension to the
standard model is studied. The 2–, 3– and 4–body decay widths of the stau NLSP are
calculated using the method of heavy mass expansion. Using these results, constraints
on the parameter space of the model are derived using the following cosmological effects:
• dark matter density, both the present value and from stau decays;
• small scale structure;
• catalysed big bang nucleosynthesis;
• late energy injection.
It is found that the stau lifetime can be sufficiently long to allow for primordial bound
states, leading to catalysed big bang nucleosynthesis (BBN) of 6Li and 9Be. This yields
upper limits on the Peccei–Quinn scale fa that depend on other parameters of the model.
Taking into account effects of late energy injection, the hadronic and electromagnetic
BBN constraints are examined. The 4–body slepton decay into the axino, a lepton, and
a quark–antiquark pair is important in this case since it governs late hadronic energy
injection. Thus the obtained hadronic BBN constraints are presented, which are shown
to be more restrictive than the ones associated with catalysed BBN via slepton–bound–
state formation in some regions of parameter space. These BBN constraints on hadronic
energy release provide new upper limits on fa. Additionally, constraints on the reheating
temperature TR imposed by the dark matter density and by BBN are studied. For an
axino mass compatible with large–scale structure, mea & 100 keV, it is shown that
temperatures above 109GeV become viable for fa > 3× 1012GeV.
Furthermore, the phenomenological collider signatures of the supersymmetric hadronic
axion model are studied. In particular the effectiveness of measuring the lifetime and
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masses of the stau and axino at the LHC and future linear colliders are investigated.
Only the staus that are produced in the particle collisions and are subsequently trapped
in the detectors are utilised for this purpose. It is shown that although the stau mass
can be measured to the percent level, a determination of the stau lifetime and axino
mass would prove to be challenging for the LHC.
Finally the implications of having both the axino and the gravitino lighter than
the stau are briefly considered. This can be a difficult configuration to resolve at
colliders unless a large amount of statistics is gathered and the masses of the two
particles are highly non–degenerate. In this scenario, some of the more restrictive
BBN constraints can be evaded while some previously open regions of parameter space
become disfavoured.
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Introduction
There is compelling evidence suggesting phenomena beyond our understanding, moti-
vating the study of models of physics beyond the standard model (SM). As the Large
Hadron Collider (LHC) starts its operations and we delve ever higher in energy and
ever smaller in scale, the first hints of this physics could well be seen soon. However,
it is not only with high energy experiments that new scales can be explored, there are
also cosmological considerations that can provide testing grounds for new models, or at
least help to constrain them. In this thesis, both aspects are investigated in considering
axino dark matter scenarios.
Research in the topics of particle physics and astrophysics are becoming increasingly
intertwined. As the knowledge in these areas improves, so the questions become more
complex. Interestingly, the studies of the largest known object, the universe, comple-
ment very well the studies of the smallest known objects, the fundamental particles. In
particular, our understanding of how the universe was born can provide insights into
the environments that had to have existed very early on. This in turn, helps to de-
termine whether the current knowledge of particle physics can adequately explain and
reproduce these environments.
The SM of particle physics provides a very successful description of physical reality
at the most fundamental level of particle interactions. It is a quantum field theory based
on the SU(3)C ×SU(2)L×U(1)Y gauge symmetry group representing the strong [1–4],
weak, and electromagnetic [5–7] interactions of particles. Precision experimental data
collected over the past 25 years at the Tevatron and LEP colliders, as well as the
B factories at KEKB and SLAC, agree with the predictions of the SM in almost all
aspects to an unprecedented level. Indeed, the only particle left unobserved in the SM
is the Higgs boson [8–12], the search for which is the main focus of the current highest
energy experiment, the LHC. However, it is one of the largest omissions of the SM
to not include gravity, classically described by General Relativity [13], as a quantum
theory. This indicates that the SM is incomplete, at least at the scale of the reduced
Planck mass MP = 2.4× 1018GeV. It is at best only a very good approximation of the
true, underlying model. Along with this stark omission, there are other, less obvious
problems, such as the hierarchy problem [14–17]. One that is of particular interest
in this thesis is the strong CP problem, which is discussed in more detail in the next
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chapter.
In order to develop a more comprehensive theory of particle physics, one talks of
physics beyond the standard model (BSM). In the studies of BSM physics, one of the
most useful and increasingly important tools at hand is the constraints that can be
inferred from cosmology and astrophysics. In fact, the most compelling evidence for
the need for BSM comes from the discovery of the existence of dark matter (DM) [18].
This is matter that does not interact electromagnetically (hence the term ‘dark’) but
makes up approximately 22% of the total energy content of the universe [19]. Current
knowledge of cosmology and astrophysics can also be used to constrain BSMmodels. For
example, BSM particles that existed in abundance in the early universe can significantly
alter how the universe evolved to what is seen today, affecting the predictions of big
bang nucleosynthesis (BBN). Thus the observations of the abundances of light nuclei
can be used to limit the contributions from processes involving BSM particles and
interactions. In this way the allowed parameter space of a particular BSM model can
be significantly reduced.
One of the most extensively studied BSM scenario is supersymmetry (SUSY) (for
an overview see for example, [20] and references therein). With R–parity conservation,
the lightest supersymmetric particle (LSP) is stable and provides a natural candidate
for dark matter. Combining a supersymmetric extension of the SM with the Peccei–
Quinn (PQ) solution to the strong CP problem [21, 22], a very well–motivated dark
matter candidate is obtained in the axino a˜, the fermionic superpartner of the axion.
A particularly interesting scenario which is explored in this thesis is one in which the
next–to–lightest supersymmetric particle (NLSP) is a charged slepton.
In the next chapter, the theoretical foundations upon which the study relies is
outlined. An explanation of the strong CP problem, followed by the PQ solution, is
given in the first two sections. Then a brief outline of the model that is investigated
in this thesis, the supersymmetric KSVZ model, is introduced. The relevant details of
cosmology are given in the second half of this introductory chapter. A brief summary
of the standard model of cosmology is given, followed by a section on the theory of
big bang nucleosynthesis (BBN) and the possible effects of catalysis and late hadronic
injection on the predictions of BBN.
The calculational details of the decay of the stau NLSP are given in Chapter 2 where
the 2–, 3– and 4–body decays of the stau NLSP into the axino LSP are outlined and the
lifetime of the stau is discussed. Then the cosmological implications of the model are
investigated in Chapter 3, resulting in new and updated constraints on the parameter
space of the axino model under investigation. In Chapter 4, the possible collider studies
at current and future experiments are considered. Lastly, a scenario in which both the
axino and the gravitino are lighter than the stau is briefly looked at. The conclusions
are given at the end. Note that some of the work in this thesis was published in [23,24]
and some will be included in an upcoming publication.
Chapter 1
Overview
In this chapter an overview of the fundamental concepts that are important to the study
carried out in this thesis is given. For ease of clarity, it is divided into two parts, with
the first part focusing on particle physics and the second on cosmology. Both of these
are very large topics in themselves and only the parts relevant to the thesis are discussed
in detail. In the particle physics section, the first two subsections outline the strong CP
problem and the PQ solution to the problem. Specifically, the supersymmetric KSVZ
model of the axion is the model of interest and an outline of this model is given in the
next subsection. The second part gives the cosmological setting of the study, starting
with a brief summary of the standard model of cosmology. The subsequent subsections
concentrate on the basics of BBN, catalysed BBN and late energy injection.
1.1 Particle Physics
As already mentioned in the introduction, the basis of the standard model of particle
physics is an SU(3)C × SU(2)L × U(1)Y gauge theory. In this framework, ordinary
matter is described by spin–1/2 fermions that are categorised into leptons and quarks
while the fundamental forces are mediated by spin–1 gauge bosons. The quarks and
leptons are further grouped into three generations which have exactly the same quantum
numbers but vary increasingly in mass. SU(3)C is the basis of QCD, a theory of
quarks in the framework of the strong interaction, which is mediated by gluons [1–4].
SU(2)L × U(1)Y describes the theory of the electroweak interactions [5–7]. The force
is mediated by the photon, Z and W± bosons. Although the SM has been very well
verified with experiments, there remain problems within the model, both theoretically
and experimentally, that suggest physics beyond this model. The problem on which
this thesis focuses is the strong CP problem, and a short description of it is given in
the following subsection.
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1.1.1 The Strong CP Problem
The strong CP problem arises as a consequence of two phenomena: the axial anomaly
of the U(1)A current and the non–trivial structure of the QCD vacuum. Interestingly,
both of these were invoked by ’t Hooft [25] to solve the U(1)A problem. So let us first
take a look at what is sometimes now known as the ‘old U(1)A problem’.
In the limit of massless quarks, a 2–flavour QCD lagrangian takes the form
LQCD = iq¯γµDµq − 1
4
GaµνG˜
a,µν , (1.1)
where
q =
(
u
d
)
, (1.2)
is the quark field, with u and d representing the up– and down–type quarks, respectively.
Dµ = δµ + igst
aGaµ is the covariant derivative, gs =
√
αs4π is related to the strong
coupling constant, Gaµν = ∂µA
a
ν − ∂νAaµ − gsfabcAbµAcν is the gluon field strength tensor
and G˜a,µν = 1
2
ǫµναβGaαβ is its dual, where A
a
µ is the gluon field and f
abc is the structure
constant of the group. The lagrangian has a global chiral U(2)L × U(2)R symmetry(
uL
dL
)
→ UL
(
uL
dL
)
,
(
uR
dR
)
→ UR
(
uR
dR
)
, (1.3)
because of
q¯ 6Dq = q¯L 6DqL + q¯R 6DqR, (1.4)
where the subscript L and R labels the quark as either left– or right–handed. The
symmetry can be decomposed into a vector U(2)V and an axial U(2)A part: U(2)V ×
U(2)A. Due to the formation of a quark–antiquark condensate, this chiral symmetry
is spontaneously broken into the vectorial symmetry U(2)V ≡ U(2)L+R, the subgroup
of elements that transform with UL = UR. This is a symmetry of isospin times baryon
number, which is realised exactly in nature U(2)V = SU(2)I × U(1)B. The condensate
that forms is analogous to the electron pair condensate found in the ground state of
superconductors. Because of the strong attractive force between quarks and antiquarks,
they easily form quark–antiquark pairs, which exist as a Bose–Einstein condensate in
the QCD vacuum. The pairs are formed between left–handed quarks and antiparticles
of right–handed quarks in order to preserve parity and have zero total and angular
momenta. As a result, the helicities of the quarks are mixed up and the vacuum
acquires a non–zero expectation value
〈0|QQ|0〉 = 〈0|QLQR +QRQL|0〉 6= 0, (1.5)
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which spontaneously breaks the chiral symmetry of the theory.
According to Goldstone [26], the four broken generators associated with the broken
set of orthogonal axial transformations, which can be denoted by U(2)A = SU(2)A ×
U(1)A, should give four massless Nambu–Goldstone bosons. As the u and d quarks
are in fact not massless but have small masses, these pseudoscalar states are expected
to also be light instead of massless. Three of these goldstone bosons can be identified
as the isotriplet of the lightest mesons, the pions, associated with the broken SU(2)A
symmetry. However, the fourth goldstone boson, associated with the U(1)A current
jAµ =
∑
a
q¯aγµγ5qa , (1.6)
is more problematic. The closest candidate is η (or η′ if the s quark is also considered
light) with a mass of mη = 548MeV [27], which is far heavier than the pions. This
contradicts the prediction from Weinberg [28], calculated using current algebra, that
places an upper bound on the mass mη ≤
√
3mpi ≈ 255MeV.
In 1976, ’t Hooft solved this problem by invoking the combination of the axial
anomaly and a more complicated structure to the QCD vacuum than what is expected
from naive perturbative gauge theory [25]. The axial anomaly violates the conservation
of the associated current, thus explicitly breaking the axial symmetry. In the massless
quark limit, the non–conservation of the axial current can be written as
∂µj
µA ∝ g
2
s
32π2
GaµνG˜
a,µν . (1.7)
Note that the above expression can be written as a total derivative
GaµνG˜
a,µν = ∂µK
µ, (1.8)
where
Kµ = ǫµναβ
(
AaνG
a
αβ −
gs
3
fabcAaνA
b
αA
c
β
)
. (1.9)
The current can thus be redefined in a way such that it is always conserved, so that
the axial anomaly cannot by itself solve the U(1)A problem. What ’t Hooft noticed was
that the then recently discovered instanton solutions∗ to QCD [29] brought with them
quantum effects that lead to GG˜ being non–vanishing, i.e. the current is not conserved,
where the simplified notation GG˜ ≡ GaµνG˜a,µν is now used. This means that the U(1)A
symmetry is broken by nonperturbative effects and is in fact not a symmetry of QCD
after all. Thus there is no Goldstone boson coupled to the physical U(1)A current, and
in principle, no U(1)A problem. Note that although the instanton solutions apply to
∗Instantons are classical localised solutions of the field equations in Euclidean space–time.
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all non–Abelian gauge theories, there is not a similar problem in the weak sector of the
SM. In the weak theory, there is no corresponding non-vanishing U(1) anomaly and
thus the FF˜ ≡ FµνF˜ µν term, where Fµν is the electroweak field strength tensor and
F˜ µν is its dual, that appears in the electroweak lagrangian does not have any physical
meaning.
In solving this problem, ’t Hooft introduced a different one by assigning a non–trivial
vacuum to QCD. Instantons allow tunnelling between different vacua |n〉, labelled by a
winding number n. Hence the true QCD vacuum is a gauge–invariant superposition of
all the vacua
|θ〉 =
∑
n
e−inθ|n〉. (1.10)
Evidently, the theory depends on θ, and the effects of the instantons can be included
by adding a theta term to the QCD lagrangian
LθQCD = · · ·+ θ
g2s
32π2
GG˜. (1.11)
Where before this theta term was ignored because the gluon fields Aµ were thought
to vanish at infinity, this is not actually true due to the instanton solutions. In the
massless limit of QCD, a chiral transformation to the quark fields can be applied such
that any choice of θ leads to the same physics. However, in massive QCD, the different
θ values place us in different vacua, which has a physical, observable effect.
The theta term is CP–violating and would manifest itself most strongly in the
neutron electric dipole moment, on which experiments place a very strict bound leading
to |θ| ≤ 10−9†. This in itself is not such a problem, as it can certainly be argued that θ
is zero. However, when the electroweak interactions are included, the mass term in the
lagrangian must be dealt with, where M is the complex quark mass matrix
Lmass = q¯iRMijqjL + h.c.. (1.12)
To go to a physical basis, a a chiral rotation is performed to make M real and diagonal.
This then causes a shift in θ
θ¯ = θQCD + arg detM. (1.13)
Now, not only is a very small CP violation in QCD needed, this fact needs to come
from the cancellation of two terms that are, a priori, unrelated to each other. This is
the strong CP problem.
†This bound has taken the perturbative effects, coming from loop corrections, into account such
that this is a bound purely on the nonperturbative contributions.
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There have been a number of solutions proposed to solve this problem. The sim-
plest one is the possibility of having a massless u–quark [30], which would obtain its
small mass through radiative corrections and instanton effects. This would allow for a
redefinition of the u–quark field that would make the theta term vanish. This possi-
bility is almost completely ruled out, but still has a few proponents. Another way of
solving the problem is by claiming CP invariance as a property of an underlying, more
fundamental theory, which then requires the electroweak CP violation to come from a
spontaneously broken symmetry [31–35]. θ¯ would then be calculable and very small.
Finally, there is a dynamical approach to solving the problem, and this is the solution
that is focused on hereafter. In this approach, the theta parameter is promoted to a
field and dynamically set to zero, or a very small value. The most famous and elegant
solution in this category is the Peccei–Quinn mechanism [21,22], which produces a light
pseudoscalar called the axion [36, 37].
1.1.2 Peccei–Quinn Mechanism and the Axion
As a way of dynamically setting θ¯ to zero, Peccei and Quinn [21,22] introduced a global
chiral U(1)PQ symmetry which is spontaneously broken to give a pseudoscalar, known
as the axion [36, 37]. The original idea behind this PQ mechanism was to imitate the
solution of the massless u–quark scenario, so a brief outline of what happens if the
u–quark is massless is useful here.
A chiral transformation of the quark fields can be carried out
q → eiγ5αq, (1.14)
where α is a transformation parameter, which leads to the following relevant terms in
the QCD lagrangian
LQCD = ...−mq¯q + θ
32π2
GG˜, (1.15)
to transform in the following way
L′QCD = ...−mq¯e2iγ5αq +
θ − 2α
32π2
GG˜. (1.16)
For m = 0, this is equivalent to a shift symmetry of θ → θ− 2α, which means that θ is
rendered unphysical and there is no strong CP problem.
However, as mentioned in the previous section, the current consensus is that the
u–quark has a non–zero mass. Instead, in order to solve the strong CP problem, Peccei
and Quinn required two Higgs doublets, with Hu giving mass to the up–type quark
and Hd to the down–type quark. Under the PQ symmetry, these fields undergo the
following transformations
q → eiγ5αq , {Hu, Hd} → eiβ{Hu, Hd} , (1.17)
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where α and β are the transformation parameters. This leads to the lagrangian trans-
forming as such
L = (q¯LHuuR + q¯LHddR + h.c.)− V (Hu, Hd) + θ
32π2
GG˜
→ L′ = (ei(β−α)q¯LHuuR + ei(β−α)q¯LHddR + h.c.)− V (Hu, Hd) + (θ − 2α) θ
32π2
GG˜.
(1.18)
Note that V (Hu, Hd) must be invariant under this transformation. For α = β, the
massless u–quark scenario is approximately recovered, where the lagrangian is invariant
under the shift θ → θ − 2α, such that θ is only a phase of the PQ transformation.
However, the PQ symmetry is spontaneously broken by the Higgs vacuum expec-
tation values (VEVs), leading to the appearance of the axion a, in accordance with
Goldstone’s theorem [26]. Under the U(1)PQ symmetry, the axion field transforms as
a(x)→ a(x) + αfa, (1.19)
where fa is the PQ symmetry breaking scale. As a Goldstone boson, the axion field
appears in the lagrangian only in derivative terms. Due to the axial anomaly [38–40]
however, it also enters via a linear coupling with the anomaly
Laxion = (∂µa)2 + a(x)
fa
g2s
32π2
GG˜. (1.20)
The anomalous term, the second term on the right hand side in the above equation, acts
as a potential for the axion field. The minimum of the axion field effective potential
occurs at 〈a〉 = −θ¯fa/N , where N is the colour anomaly of the PQ symmetry whose
value is model–dependent. Replacing the axion field in the lagrangian by its physical
field aphys = a − 〈a〉, the CP–violating theta term is replaced by the CP–conserving
coupling of the dynamical field of the axion to the gluonic pseudoscalar density. It has
been shown [41] that this term preferably relaxes to its minimum, at θ¯ = 0. This is the
PQ solution to the strong CP problem.
The axion acquires a mass through the above–mentioned axial anomaly and QCD
instanton effects and at low energies its mass ma can be approximated by [42]
m2a ≈
mumd
(mu +md)2
(
fpimpi
fa/N
)2
, (1.21)
where mu and md are the masses of the up and down quarks, respectively, fpi is the
decay constant of the pion and mpi is the mass of the pion.
Unfortunately, less than one year after the proposal of this solution, the original
Peccei–Quinn–Weinberg–Wilczek (PQWW) axion, so–called because it was Weinberg
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[36] and Wilczek [37] who first examined the pseudoscalar that resulted from the broken
PQ symmetry, was experimentally ruled out [43]. The theory assumes that the scale at
which the PQ symmetry breaks down is the weak scale. There is in fact no fundamental
reason to constrain fa to this scale and the PQ symmetry can be broken at a much
higher energy. With a higher fa and a requirement that there is no direct tree–level
couplings between the axion and the SM fermions, the experimental bounds can be
evaded. Indeed, one now speaks of an "invisible axion", whose couplings to SM particles
are extremely suppressed.
The mechanism of the invisible axion models remains the same as the original PQ
mechanism. However, most of the models introduce a new complex scalar field φ,
usually an SU(2)× U(1) singlet that is charged under U(1)PQ, which acquires a large
vacuum expectation value. These properties allow the PQ symmetry to be broken at a
scale much larger than the weak scale, thus suppressing the axion interactions, which
are proportional to 1/fa, and reducing its mass. As a result, the axion couplings to the
SM particles can vary greatly to the original PQWW axion.
There exist two main general types of invisible axion models: the Kim–Shifman–
Vainshtein–Zakharov (KSVZ) model and the Dine–Fischler–Srednicki–Zhitnitskii (DFSZ)
model. In the DFSZ model [44, 45], there are similarly two Higgs doublets, but addi-
tionally, the quarks and leptons carry a PQ charge. In this model, there is no direct
fermion–φ coupling and the fermions only feel the PQ breaking through the Higgs po-
tential. The KSVZ (or equivalently, hadronic) model [46, 47] requires only one Higgs
doublet but introduces new heavy quarks. Only these new quarks and the scalar φ are
then charged under U(1)PQ.
There are many variants on these two models, and in this thesis the KSVZ or
hadronic axion type models are considered. Following very closely the paper from Shif-
man, Vainshtein and Zakharov [47], the important points of the model are summarised
here.
First, the unbroken U(1)PQ case is looked at. Denoting the heavy quark by Q, the
following terms in the lagrangian are obtained for the new interactions in the model
LKSVZ = Q¯i6DQ− y(φQ¯RQL + φ†Q¯LQR) + (∂µφ†)(∂µφ)− V (φ), (1.22)
where y is a Yukawa coupling and
V (φ) = −m2φ†φ+ λ(φ†φ)2, (1.23)
is the potential of the new φ field, which acquires a non–zero vacuum expectation value
〈φ〉 = φ0 ≡ fa√
2
=
m√
2λ
. (1.24)
Expanding φ around its VEV
φ(x) = φ0 +
1√
2
[φ1(x) + iφ2(x)] , (1.25)
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and substituting this back into the potential V (φ) in (1.23) shows that the lagrangian
describes a scalar state, the saxion φ1(x) with mass m
√
2 and a pseudoscalar state,
the axion φ2(x) with zero mass in the classical approximation. The mass of the saxion
is often taken to be very large such that its effects can be neglected and this is the
approach taken in this thesis.
The PQ symmetry is of course broken by instanton effects through the axial anomaly.
This produces a aGG˜ term that has been discussed in the context of the original PQWW
axion model above and solves the strong CP problem in the same way. This happens
at T ≈ ΛQCD, causing the mexican hat axion potential V (φ) to be tilted, hence giving
the axion a non–zero mass.
There are some constraints that can be placed on the axion mass, and by relation, the
PQ scale fa, depending on the early history of the universe and also the specifics of the
model. For small fa, the axions were in thermal equilibrium with the hot primordial
plasma and decoupled as a hot relic. Requiring that its relic density is not larger
than that of the present day dark matter density Ωa ≤ Ωdm leads to a limit on its
mass ma . 1 eV, which places it in the category of hot dark matter. As a result,
constraints from large scale structure (LSS) then requires that these axions not make
up a dominant part of the dark matter density. For larger fa, the axions were never in
thermal equilibrium and their relic density Ωa is governed by the initial misalignment
angle Θi of the axion field with respect to the CP–conserving position, see for example
[48–50] and references therein. It behaves as a condensate and can be categorised as
cold dark matter. With a sufficiently small Θi being an option, Ωa ≪ Ωdm is possible
even for fa as large as 10
16GeV. Further details on the the cosmology aspect of the
above discussion can be found in Sec. 1.2 and Chapter 3.
Experiments searching for axions have been around since their first inception over
30 years ago. The first experiments that were responsible for ruling out the original
PQWW axion, where the PQ scale was set to around the weak scale, studied the decays
of K+, J/ψ and Υ [51–57]. Present day experiments search for the so–called invisible
axions [58]. These experiments can roughly be divided into three categories.
Direct searches of galactic halo look for cold dark matter axions (with mass range
µeV to meV) by using microwave cavities to resonantly convert the axions into photons
in a reverse Primakoff process [59]. These photons can then be detected as an excess
in the cavity power output. This search is sensitive to the axion mass ma as well as its
distribution in the galactic halo. The latest experiment of this type is the axion dark
matter experiment (ADMX) [60,61], which provides exclusion limits on the axion mass
in the preferred fa range. In addition, cosmic axions can be indirectly searched for by
looking for photons from a→ γγ decays, which probe axions with masses in the O(eV)
range.
Another type of search being carried out is of axions produced in the core of the
sun. These solar axion searches probe axions with 10−5eV < ma < 1eV (warm or
hot dark matter that decoupled from the primordial plasma as thermal relics) and
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Figure 1.1: A summary of the astrophysical and cosmological constraints on fa and ma taken from
[66]. The black bars illustrate the sensitivity ranges of the respective experiments as indicated.
use electromagnetic fields in axion helioscopes to convert the axions into photons that
can be detected and analysed. The experiments currently carrying out this type of
search include CERN Axion Solar Telescope (CAST) [62, 63] and the Tokyo Axion
Helioscope [64].
At the same time, laboratory searches try to produce axions in a variety of experi-
ments. One example of these is the ‘shining light through a wall’ experiment [65]. The
experiment uses a polarised laser beam in a transverse magnetic field to convert photons
from the laser into axions that will then travel through a wall and be converted back
into photons that can be detected.
These experiments are starting to probe a larger parameter space than before. How-
ever, the best constraints on axion physics currently come from astrophysical and cos-
mological considerations. These are summarised in Fig. 1.1, which is taken from the
review [66]. The black bars for the experiments denote the range which the respective
experiments probe. The strongest lower limit comes from the observed burst duration
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of supernova SN 1987A. In the very hot and dense medium of the supernova, axions
can be produced and emitted, carrying energy away from the star. This would provide
an additional means by which the supernova can cool down and thus reduce the burst
duration of SN 1987A. Consequently a lower limit on fa is obtained [66]
fa/N & 6× 108GeV. (1.26)
An upper limit on fa can also be derived by imposing the condition of avoiding over-
closure of the universe due to an overabundance of axions. However, this upper limit
relies on the value of the initial misalignment angle Θi. When this is taken to be of
a natural value ∼ 1, this limit would be fa . 1012GeV. But when this constraint is
relaxed, the upper limit can be raised to as high as fa . 10
16GeV.
1.1.3 Supersymmetric KSVZ Model
In this thesis, the supersymmetric extension of the KSVZ model, first discussed in detail
in [67–70], is of particular interest. This is the Minimal Supersymmetric Model (MSSM)
with the Peccei–Quinn symmetry embedded in it, which introduces new heavy quark
superfields that couple to the axion superfield. Only these new (s)quarks, the axion a
and its superpartner the axino a˜ are charged under U(1)PQ. A scenario with only one
additional quark field Q, which is an SU(3) triplet and SU(2) singlet, with electrical
charge eQ and hypercharge eY = eQ, is considered. The colour anomaly obtained with
this model is N = 1. Using 2–component notation, the chiral multiplets of the new
particles are given by
Axion : Φ = φ+
√
2χθ + FΦθθ, (1.27)
KSVZQuarks : Q1 = Q˜1 +
√
2q1θ + F1θθ,
Q2 = Q˜2 +
√
2q2θ + F2θθ,
where θ is the Grassman variable and Fi are auxiliary fields.
The interaction between the axino supermultiplet Φ and the heavy KSVZ quark
supermultiplets Q1,2 is specified by the following superpotential
WPQ = yΦQ1Q2, (1.28)
where y is the Yukawa coupling. The quantum numbers of the multiplets are sum-
marised in Table 1.1. From the 2–component fields notation above, the 4–component
fields describing the axino and the heavy KSVZ quark are given, respectively, by
a˜ =
(
χ
χ¯
)
and Q =
(
q1
q¯2
)
. (1.29)
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Chiral multiplet U(1)PQ (SU(3)c, SU(2)L)Y
Φ = φ +
√
2χθ + FΦθθ +1 (1,1)0
Q1 = Q˜1 +
√
2q1θ + F1θθ -1/2 (3,1)+eQ
Q2 = Q˜2 +
√
2q2θ + F2θθ -1/2 (3
∗,1)−eQ
Table 1.1: The axion multiplet Φ, the heavy KSVZ quark multiplets Q1,2, and the associated quantum
numbers considered in this work.
For the heavy KSVZ (s)quark masses, the SUSY limit
mQ = mQ˜1,2 = y fa/
√
2, (1.30)
is used, with both y and fa taken to be real by field redefinitions. The astrophysical
limit on the value of fa discussed in the previous section fa & 6× 108GeV then implies
a large hierarchy between the mass of the new (s)quark and the soft SUSY mass scale
mQ,Q˜1,2 ≫ mZ , mSUSY, (1.31)
for y = O(1).
The axion and axino interactions are briefly recalled to clarify the definition of
fa =
√
2〈φ〉 in the considered model. By integrating out the heavy KSVZ (s)quarks,
axion–gluon and axion–photon interactions are obtained as described by the effective
Lagrangians
Lagg = g
2
s
32π2fa
aGG˜, (1.32)
Laγγ = e
2Caγγ
32π2fa
aF F˜ , (1.33)
with e2 = 4πα. After chiral symmetry breaking,
Caγγ = 6e
2
Q −
2
3
4 + z
1 + z
, (1.34)
for the models described by (1.28) and (1.27), where z = mu/md ≃ 0.56 denotes the
ratio of the up and down quark masses. The corresponding interactions of axinos with
gluons and gluinos g˜ are obtained as described by
Leag˜g = i g
2
s
64π2fa
¯˜a γ5 [γ
µ, γν ] g˜aGaµν . (1.35)
An attractive realisation of this supersymmetric KSVZ model with conserved R–
parity has the axino a˜ as the LSP and a charged slepton l˜ as the NLSP. Since the
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axino LSP allows for a long–lived charged slepton which should be easy to discover at
the LHC, those scenarios are appealing not only from a theoretical but also from a
phenomenological point of view.
While the study presented in this thesis can easily be generalised, the focus here
is on the case in which the NLSP is a purely right–chiral lighter stau, τ˜1 = τ˜R, which
is a good approximation at least for small tanβ. Its coupling to neutralinos is then
dominated by the bino coupling. For further simplicity, it is assumed that mixing in
the neutralino sector is such that one of the neutralino states is an (almost) pure bino
B˜. In fact, the cosmological considerations given in the study rely on a spectrum in
which that state is the lightest neutralino, χ˜01 = B˜, while the results for the τ˜R decays
are not restricted to this case. The axino mass mea is treated as a free parameter which
is bounded from above by the stau NLSP mass meτ .
Axions and saxions are also integral parts of the physics of an axino dark matter
scenario. As noted for instance by Kim [71–73], the decays of the saxion could lead
to significant entropy production reheating the universe, thereby changing the allowed
mass range for the axion [71–74]. For the present investigation it is assumed that the
saxion mass is such that saxion effects are negligible.
1.2 Cosmology
In this section the standard model of cosmology is briefly outlined, which sets the
framework within which the cosmological constraints are derived on the hadronic axion
model. In order to facilitate explanation, the workings of big bang nucleosynthesis in
the early universe and the possible effects of catalysis and late energy injection on this
nucleosynthesis are described in further detail.
1.2.1 ΛCDM Model
The current standard model of cosmology was developed in several stages and is now
known as the Lambda–Cold Dark Matter (ΛCDM) model. The ΛCDM model is the
simplest model that successfully explains the cosmic microwave background (CMB),
large scale structure (LSS), the accelerating expansion of the universe and the primordial
abundances of light elements. It is a modern version of the original hot big bang theory,
which was first proposed by Lemaitre in 1931, then known as the “hypothesis of the
primeval atom”. The ΛCDM model is built upon two central ideas, general relativity
and the cosmological principle, which states that on a large enough scale, the universe
is homogeneous and isotropic. It consists of an early, very hot and dense state, from
which the universe as it is known today evolved. The aftermath of this initial state
exists today as a ‘glow’ of photon radiation known as the CMB radiation. This was
predicted in the 1940s by Gamow, Alpher and Herman, when they further developed
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the big bang theory, and was first experimentally detected in 1965 [75]. This, along
with the determination that the CMB has an almost perfect blackbody spectrum was
an important affirmation of the hot big bang theory. It has since been measured to great
accuracy by the Wilkinson Microwave Anisotropy Probe (WMAP) satellite, putting the
photonic temperature of the universe at T ≈ 2.73K and showing fluctuations of the
order 10−5 [19].
A homogeneous spacetime can be described by the Friedmann–Lemaitre–Robertson–
Walker (FLRW) metric
ds2 = dt2 − a2(t)
[
dr2
1− kr2 + r
2
(
dθ2 + sin2 θ dφ2
)]
, (1.36)
where a(t) is the cosmic scale factor and k is the curvature of the universe. The
present day value for the scale factor a(t0) ≡ a0 is normalised to 1. With the right
parameterisation, the curvature can be discretised into three values, k = −1 for open,
k = 1 for closed and k = 0 for spatially flat geometries. Observational evidence points
towards a universe that is almost perfectly flat [19]. Friedmann used this metric to
solve Einstein’s field equations
Gµν = 8πGNTµν , (1.37)
where Gµν is the Einstein tensor, GN is the Newtonian gravitational constant and Tµν is
the stress–energy tensor. This leads to what are now known as the Friedmann equations
3
(
a˙
a
)2
+
3k
a2
= 8πGNρ, (1.38)
2
a¨
a
+
(
a˙
a
)2
+
k
a2
= −8πGNp, (1.39)
where ρ is the total energy density and p is the total isotropic pressure, both of which
include contributions from matter, radiation and the cosmological constant Λ. These
equations form the governing basis of the ΛCDM theory and describe the evolution of
the universe. They were also one of the earliest indications of a non–static universe.
Through this Friedmann showed that the expansion of the universe is in fact a natural
outcome of combining general relativity and the cosmological principle. Furthermore,
the two Friedmann equations can be combined to lead to another important equation
that is independent of the curvature factor, describing the acceleration of the cosmic
scale
a¨
a
= −4πGN
3
(ρ+ 3p) . (1.40)
Although earlier observations had shown extragalactic objects moving away from us,
it was not until 1929 when Hubble carried out a systematic and thorough study of the
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redshifts of galaxies, that the expansion of the universe was experimentally established
[76, 77]. In a relation now known as Hubble’s law, it was shown that these objects
are receding away from us, and that the farther away they are from us, the faster
they are receding. This confirms the expectation from the cosmological principle and
leads to the verification that the universe is undergoing an accelerating expansion. The
expansion can be described using the Hubble parameter, defined as H(t) ≡ a˙(t)/a(t),
with Hubble’s law given by
v = H0D, (1.41)
where v is the recessional velocity of the galaxy, H0 is the Hubble parameter at the
time of observation and D is the proper distance of the galaxy from us. This expansion
is accounted for by Λ, a cosmological constant that describes a form of energy with a
large negative pressure, called dark energy.
The model, when fitted to observational data, allows for the energy content of the
universe to be calculated. Using data from the CMB and type 1a supernovae, the
different contributions to the energy density can be derived [19]. Baryonic matter, with
which we are very familiar, makes up less than 5% of the energy content. Instead, 22%
of the total energy (or over 80% of the total matter content) resides in non–baryonic
collisionless matter, termed dark matter (DM), whose identity is yet unknown. The
rest of the energy content, 73%, is made up of dark energy. It is believed that we are in
an era where this dark energy is dominating the evolution of the universe and is thus
driving the accelerating expansion against the collapsing forces of gravity.
By rewriting the Friedmann equations, a critical density can be defined for k = 0
ρc ≡ 3H
2
8πGN
, (1.42)
and can be used to define the cosmological density parameter
Ω ≡ ρtot
ρc
, (1.43)
where ρtot is the total energy density of the universe. This parameterisation is also used
for the individual components of the energy density
Ωi ≡ ρi
ρc
. (1.44)
The total density parameter Ω has a direct relation to the curvature factor k, thus mak-
ing a link between the total energy density and the geometrical shape of the universe.
Ω = 1 corresponds to the flat universe that we believe we are living in while Ω > 1
corresponds to a closed universe and Ω < 1 corresponds to an open universe.
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Although the universe can be described as homogeneous and isotropic, observations
and the anisotropies of the CMB show that there exists structure on smaller scales.
The explanation for these structures is simple. Gravitational forces act on initially
small, adiabatic Gaussian density fluctuations that originate from the inflationary era.
This results in a bottom–up hierarchy of structures forming, in agreement with known
observational data. To account for the sizes and ages of observed objects, the structure
formation had to have started before baryonic matter decoupled from the thermal bath.
This is one of the reasons for requiring DM to be weakly interacting, such that it
decouples much earlier than baryonic matter. LSS observed in the universe demands
this DM to be cold, although warm dark matter, or at least components of warm dark
matter, is not yet ruled out.
The categorisation of dark matter as cold, warm or hot is not very well–defined but
can be treated in terms of how it affects structure formation. If the DM was initially
in thermal equilibrium with the primordial plasma, cold DM is defined as matter that
decoupled from the thermal bath and started seeding structure very early in the history
of the universe, forming small objects that gravitationally grew into larger ones. Hot
DM on the other hand, decoupled while relativistic such that its free–streaming in the
early universe erased a lot of structure on scales comparable to its free–streaming length
and smaller. Objects formed early on would thus form only on very large scales and
would subsequently fragment into smaller objects, leading to a top–down hierarchy.
Warm DM lies somewhere in between cold and hot. It can lead to an erasure of
some small scale structures while maintaining the bottom–up hierarchy of structure
formation that is supported by observational data. However, the DM does not have to
have been in thermal equilibrium. As will be explored in this thesis, DM produced from
the thermal scatterings of particles that were in thermal equilibrium or DM resulting
from out–of–equilibrium decays can also, in principle, constitute all three types of dark
matter. Again, the discerning feature that categorises the DM as cold, warm or hot is
the manner in which they affect structure formation.
The big bang theory described how the universe evolves and why, but did not ex-
plain the initial conditions required to obtain such a model, for example homogeneity.
An inflationary epoch right after the initial big bang was proposed to solve the prob-
lem of the initial conditions. During inflation, the universe underwent an exponential
expansion, believed to be driven by vacuum energy, the same energy that is driving
the expansion now. There are many models of inflation currently being theorised, with
experimental verification being still years away, but it is an accepted part of modern
cosmology and the ΛCDM model.
Another important aspect of the ΛCDM model is the theory of nucleosynthesis. In
the first few minutes after the big bang, nucleosynthesis takes place, producing light
elements that can still be detected today. Collectively known as big bang nucleosyn-
thesis, the predictions of the abundances of primordial D, 3He, 4He and 7Li in this
framework depends on only one parameter, the baryon–to–photon ratio η ≡ nb/nγ.
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This ratio has been measured to great accuracy and has verified the predictions of BBN
with the observationally inferred primordial abundances of the light elements, proving
to be another great success of the ΛCDM model.
1.2.2 Standard BBN
Big bang nucleosynthesis refers to the synthesis of light elements that started in the
early period of the universe, at T ∼ 1MeV or equivalently, t ∼ 1 s. This is the highest
temperature that has been experimentally verified to have existed in the history of the
universe. The theory of BBN provides theoretical predictions of primordial abundances
of light elements such as D, 3He, 4He and 7Li that have been shown to be in good
agreement with the primordial abundances inferred from observations. Elements heavier
than beryllium were formed later, in stellar processes. This allows constraints to be
placed on the physical conditions that had to have existed during the times of BBN. As
the predictions of the primordial abundances are very sensitive to these early conditions,
BBN can by extension also be used to place constraints on BSM physics that might
significantly alter the BBN predictions, see for example [78] and references therein.
The details of BBN theory have been covered in great detail in the literature. Only
a brief summary is provided here of the essence of the processes. At temperatures
T & 1MeV, the weak interactions of neutron–proton interconversion are in thermal
equilibrium,
n⇋ p+ e− + ν¯e,
νe + n⇋ p+ e
−,
e+ + n⇋ p+ ν¯e, (1.45)
thus fixing the neutron–to–proton number ratio to n/p = e−∆m/T , where ∆m = mn −
mp = 1.293MeV is the neutron–proton mass difference.
As the temperature drops and the interaction rates fall below the Hubble expansion
rate Γ < H , these weak interactions freeze–out. This happens at a temperature of
Tf =
(
g∗GN
G4F
)1/6
= 0.7MeV, (1.46)
where g∗ = gboson + (7/8)gfermion counts the number of excited relativistic degrees of
freedom and GF is the Fermi constant. At this point, the neutron fraction is n/p ∼ 1/6.
At T < Tf , the neutrons undergo β–decay and occasionally, out of equilibrium weak
conversions into protons, decreasing the neutron fraction further to n/p ∼ 1/7 before
nuclear reactions actually begin. Almost all of the neutrons that exist at this point will
end up in 4He, the most stable light element.
Nucleosynthesis starts with the formation of deuterium, a substantial amount of
which is required to synthesise the other, heavier elements. However, the formation of
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deuterium, which proceeds through
p+ n→ γ +D, (1.47)
is subject to what is known as the ‘deuterium bottleneck’, which delays the formation of
stable deuterium to a temperature of T ∼ 0.1MeV. At temperatures higher than this,
the rather fragile deuterium is quickly photodissociated by the high density of CMB
photons. It is only after the temperature has dropped to well below the binding energy
of deuterium BED = 2.23MeV, that it is stable enough to partake in further nuclear
reactions and heavier elements can be produced.
The synthesis of the heavier elements then proceeds rather quickly. The resulting
primordial abundances of the elements depend on the creation/annihilation rates of the
respective elements as well as the available abundances of the required nuclei. The evo-
lution of the abundance of element i can be schematically represented by the following
Boltzmann equation [79]
dYi
dt
= −H(T )T dYi
dT
=
∑
(ΓijYj + ΓiklYkYl + · · · ), (1.48)
where Yi = ni/s is the yield of the element, defined as the ratio between the number
density of the element ni and the entropy density s, Γij... is the generalised rates of in-
terconversion and/or decay and H(T ) is the temperature–dependent Hubble expansion
rate, which at the time relevant to BBN takes the form
H(T ) = T 2
(
8π2g∗GN
90
)1/2
. (1.49)
There are many modern numerical codes available to solve the coupled system of equa-
tions (1.48) and calculate the resulting primordial abundances, mostly based on the
original work by Wagoner, Fowler and Hoyle [80]. These abundances are usually given
as a function of the baryon–to–photon ratio η and take as input, the rates Γij..., which
are either experimentally determined or theoretically calculated in nuclear physics. For
a completely analytical approach to calculating the freeze–out yields, refer to for exam-
ple, [81].
By far the largest primordial abundance that existed and still exists today is of 4He,
formed through the following processes
D +D → 3He + n, (1.50)
D +D → 3H+ p, (1.51)
3He +D → 4He + p, (1.52)
3H+D → 4He + n, (1.53)
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with its mass fraction estimated to be [82]
YP =
4n4He
ntot
=
4 (n/2)
n+ p
=
2 (n/p)
1 + n/p
≈ 0.25. (1.54)
After BBN stops, there exist only small amounts O(10−5) of D and 3He as most of it was
burned into 4He. Heavier elements such as lithium and beryllium were also produced,
but only in trace amounts. The synthesis of 7Li and 7Be proceeded through
4He + 3H → 7Li + γ, (1.55)
4He + 3He → 7Be + γ, (1.56)
7Be + γ → 7Li + p, (1.57)
with BBN making a prediction for the combined abundance, of both 7Li and 7Be, of
O(10−10). Elements with atomic number A ≥ 9 were produced in even smaller abun-
dances due to the absence of a stable A = 8 nuclei. These abundances and their com-
parison with observationally inferred primordial abundances are illustrated in Fig. 1.2,
taken from [27]. There is a general concordance in the observationally inferred abun-
dances of the light nuclei in that the yellow boxes, along with the vertical blue CMB
band, overlap, which is celebrated as a great success of the ΛCDM model. Note that 3He
is no longer used as a cosmological probe due to the difficulty in inferring its primordial
abundance [83].
As can be observed in Fig. 1.2, the BBN prediction of the primordial abundance of
7Li nuclei overestimates the observationally inferred value. This is commonly referred
to as the “Lithium problem”. So far explanations involving systematic errors in the
measurement of stellar atmospheric temperature, which is needed to infer the abundance
of 7Li, is insufficient to make up the discrepancy. Changes in the nuclear rates of
processes involved in the creation/annihilation of 7Li also do not produce the required
reduction in the BBN prediction of the primordial abundance. This (4-5)σ deviation
has been suggested to be a sign of particle physics beyond the standard model [79].
BBN eventually desists as the number density of nucleons decrease and the nu-
clear reaction rates fall below the expansion rate of the universe due to the increasing
suppression of the Coulomb barrier at lower temperatures. No heavier elements are
produced during BBN due to the absence of stable nuclei with atomic numbers 5 and
8.
1.2.3 Catalysed BBN
As BBN is very sensitive to the conditions of the early universe in which it takes place,
any change in those conditions can greatly affect the primordial abundances of the
light elements. This makes it a powerful tool in constraining particle physics beyond
the standard model as well as the standard model of cosmology [78]. Many studies
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ratio η, as predicted by standard BBN [82]. The bands for the respective nuclei illustrate the 95% CL
range. The white boxes indicate the observationally inferred abundances with ±2σ statistical errors,
while the yellow boxes include the ±2σ systematic errors as well. The narrow blue vertical shaded
band indicates the cosmic baryon density as measured by CMB while the wider peach vertical band
indicates the BBN concordance range (both at 95% level). This is taken from [27].
in the context of various BSM models have been carried out. For example, in models
that introduce new stable particles, the value of g∗ can be altered, depending on the
mass and coupling of those particles. Should the new particle be light enough, it could
introduce additional relativistic degrees of freedom that could significantly increase the
Hubble expansion parameter and thus cause the weak interactions to freeze–out earlier.
This would result in a higher neutron fraction n/p and an earlier onset of BBN, hence
increasing the abundance of 4He, Yp.
In this thesis, the effects of long–lived charged massive particles (CHAMPs) in the
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early universe, whose consequences on standard BBN (SBBN) were initially explored
over 20 years ago [84–86], are of great interest. One of the effects of the existence of
CHAMPs during BBN is that they can lead to catalysed BBN (CBBN), through a
two–fold impact. As they are charged, the CHAMPs form bound states with existing
nuclei, which then partake in nuclear reactions to provide a homologue to each standard
BBN (SBBN) reaction
SBBN : A1 + A2 → A3 + A4,
CBBN : A1X + A2 → A3 + A4 +X, (1.58)
where X is a CHAMP and Ai are nuclei. Another way in which the CHAMPS catalyse
SBBN processes is by opening up new reaction channels that were otherwise inaccessible
or strongly suppressed in the SM. Note that other types of relics, such as strongly
interacting particles, can also result in CBBN. The catalysis of BBN reaction rates could
potentially solve the lithium problem through the depletion of 7Be. As 7Li production
proceeds through 7Be, a significant reduction in the abundance of 7Be could lead to a
7Li abundance that is in agreement with the observationally inferred value [79].
The focus here is only on the reactions that are pertinent to the study, that is of
6Li and 9Be. The catalysis of the production mechanisms for these two elements takes
place at T ∼ 8 keV, when an efficient formation of 4HeX is possible. The following
CBBN reactions can then become very efficient in producing 9Be [87–89]‡
4He + (4HeX) → (8BeX) + γ,
(8BeX) + n → 9Be +X, Q = 0.26MeV, (1.59)
with reaction rates that are many orders of magnitude larger than the SBBN reaction
rates. These reactions overcome the problem of the analogous SBBN process
8Be + n → 9Be + γ, Q = 1.665MeV, (1.60)
that suffers both from a higher Q–value and an unstable 8Be, which lives for under a
femtosecond [88].
The production mechanism of 6Li in SBBN proceeds via the process
4He + D → 6Li + γ, Q = 1.47MeV, (1.61)
which is highly suppressed at BBN temperatures, resulting in a 6Li abundance of
O(10−14). With the presence of metastable charged particles X however, a new pro-
duction mechanism becomes available [87]
(4HeX) + D → 6Li +X, Q ≈ 1.13MeV. (1.62)
‡The large 9Be–production cross section reported and used in [88,89] has recently been questioned
by [90], in which a study based on a four–body model is announced as work in progress to clarify the
efficiency of 9Be production.
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This photonless production mechanism rate is O(106) larger than the SBBN equivalent
given by (1.61) [87].
This is interesting as observational data has shown that the inferred primordial
abundances of 6Li and 9Be are above those predicted by SBBN [89, 91–93]. The con-
straints from avoiding the overproduction of both 6Li and 9Be can be translated into a
constraint on the lifetime of these CHAMPs [87, 94–96]
τX . 5× 103 s, (1.63)
when typical yields are assumed for the thermal relics of X. More details are given in
Chapter 3.
In contrast to SBBN, the calculations involving CBBN processes take only theo-
retical reaction rates as input, as they cannot be experimentally confirmed. However,
as these processes involve mostly electromagnetic interactions, the uncertainty in the
rates are small. Note that by assuming a significant amount of late–time entropy pro-
duction after CHAMP decoupling and before primordial nucleosynthesis – which is a
non-standard cosmological history – this limit can be weakened. This is discussed for
the case of the gravitino LSP in [97].
1.2.4 Late Energy Injection
Another way in which long–lived CHAMPs can alter the predictions of SBBN is by
the late injection of electromagnetic and hadronic energy through their decay products.
This has an effect when the CHAMPs decay during or after BBN. The magnitude and
extent of the effects on SBBN depend on the lifetime of the CHAMPs.
From hadronic decays, quarks and gluons are produced, which fragment into hadronic
jets. For τX . 100 s, these mesons and nucleons lose their energy very efficiently and
are quickly stopped via electromagnetic interaction. Thus, hadro/photodissociation is
not important at these times and no light elements are directly destroyed. Instead,
the now slow–moving emitted hadrons can take part in proton–neutron interconversion
processes [98, 99], which could lead to a sizeable increase in the abundance of 4He and
D. Indeed, the most stringent constraint in this region would come from 4He [99].
This is due to the fact that the protons are more abundant during these times, which
feeds the conversion of p to n more than the reverse and hence increases the n/p ratio.
However, without a dedicated numerical treatment of primordial nucleosynthesis that
includes non–standard processes at hand, it is difficult to derive quantitative limits in
this parameter region.
At τX & 100 s, the mesons decay before they can interact with the background nu-
cleons while the emitted nucleons remain energetic and can lead to significant hadrodis-
sociation in the light elements [100–105]. Through successive hadronic collisions with
the background nucleons, hadronic showers are produced. During this process, a sig-
nificant amount of 4He can be dissociated into D, 3H and 3He. The 3H and 3He nuclei
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then go on to produce 6Li and 7Li via processes that include the background 4He. The
high abundance of 4He during these times allows these processes to potentially create
significantly higher abundances of these light elements than predicted by SBBN [99].
Constraints on the hadronic energy injection can thus be imposed by the primordial
abundances of 4He, 3He/D, 7Li, 6Li/7Li and D [99, 104–109]. However, in the region
allowed by CBBN constraints τX . O(103 s), see (1.63), the hadronic effect on D, whose
abundance is affected through the hadrodissociation of 4He, dominates. This can be
seen for example, in Figs. 38–41 of [99] and in Figs. 6–8 of [105].
For τX & 10
4 s, the contribution from electromagnetic energy injection [91,98,99,105,
110] starts becoming significant and can also affect the abundance of primordial light
elements. Analogous to the hadronic decays, the electromagnetic decay products induce
electromagnetic showers, which go on to destroy/create the light elements, including
7Li. Due to their large abundances, photodissociation of D and 4He is the most effective
at these times. At τX . 10
6 s the dominant constraint would come from the destruction
of D and for τX & 10
6 s from the overproduction of D and 3He due to the destruction
of 4He.
Chapter 2
Stau NLSP Decays
In this chapter, the calculations and results of the 2–, 3– and 4–body decays of the stau
NLSP into the axino are outlined. In the particle physics setting considered in this
thesis, this is the 2–body decay of the right–handed stau into the tau and the axino
τ˜R → τ a˜, the 3–body decay into the tau, the axino and a photon τ˜R → τ a˜γ, and the
4–body decay into the tau, the axino and a qq¯ pair τ˜R → τ a˜qq¯. Finally, the resulting
lifetime of the stau NLSP, which is governed by the 2–body decay, is discussed.
2.1 2–body Decays
In this section the 2–body decay τ˜R → τ a˜ of the stau NLSP into the tau and the axino
LSP, which first occurs at the two–loop level, is considered. The relevant Feynman
diagrams are shown in Fig. 2.1, with 32 diagrams in total. As mτ ≪ meτ , the limit
mτ → 0 is taken.
For the calculation of the two–loop diagrams, the large mass hierarchy between the
heavy quark multiplet and the electroweak scale or the supersymmetry breaking scale
can be exploited, see (1.31). As a result, a heavy mass expansion (HME) in powers of
1/fa can be performed. Already the leading term ∝ 1/fa of the amplitude provides
a precise approximation since the sub–leading terms are suppressed by many orders
of magnitude. After the HME, only vacuum two–loop integrals (i.e. integrals with
zero external momenta) and one–loop integrals remain in the expansion coefficients, for
which well–known results are available in literature.
In this section, only a basic outline of the heavy mass expansion as it becomes
relevant to understanding the calculation is given. Further details about the technique
than what is explained here can be found in Appendix A. For a Feynman integral F
of Feynman diagram Γ, the expansion can be compactly written as
F(Γ)→ F ′(Γ) =
∑
γ
F(Γ\γ) ∗ T{ki,mi}F(γ), (2.1)
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Figure 2.1: Feynman diagrams for the 2–body stau NLSP decay τ˜R → τa˜ in the considered type of
KSVZ axion models. The thick lines indicate heavy (s)quark propagators Q and Q˜1,2.
where γ represents the subgraphs over which the sum is performed (a subgraph is
derived by drawing all possible one–particle irreducible graphs containing the heavy
propagators). The operator T{ki,mi} performs a Taylor expansion on the subgraphs
with respect to the small parameters ki and/or mi where i runs over all momenta and
masses that are considered small compared to the large mass mQ = yfa/
√
2. F(Γ\γ)
represents the original graphs where the subgraphs have been shrunk to a point. Using
the Feynman rules derived in [111], where the methodology was first laid out, the
diagrams are calculated using FeynCalc 5.1 [112] and LoopTools 2.4 [113].
The calculation of one representative diagram is followed to outline the main steps.
In particular, the calculation of the diagram on the far right in Fig. 2.1 with i = 1 is
chosen for this purpose. This diagram shall be denoted by Γζ2b and the momenta running
through it are shown explicitly in Fig. 2.2. Note that the ultraviolet (UV) divergences
pτ˜
q1
pτ
q1−pτ−pa˜
q2
pa˜
q2−pa˜
r
r = q1+q2−pτ−pa˜
q1−pτ
Figure 2.2: Feynman diagram Γζ2b for the 2–body stau NLSP decay τ˜R → τa˜.
encountered in the calculation do not cancel on a diagram by diagram basis. Translating
the diagram into the corresponding amplitude using the relevant Feynman rules and
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carrying out some simplification of the Dirac algebra gives
Mζ2b=Nc
α2e2Qy
128π8c2W
m eBmQ
∫
dDq1
(2πµ)4−D
∫
dDq2
(2πµ)4−D
1
(q1−pτ−pea)2(q21−m2eτ )
(
(q1−pτ)2−m2eB
)
×
u¯(pτ )
[
PL(pτ+pea+q1)·(pτ+pea−q1−2q2)
]
v(pea)(
(q2 − pea)2 −m2Q
) (
(−pτ − pea + q1 + q2)2 −m2Q
) (
q22 −m2Q
) ,
(2.2)
where NC is the number of colours, PL = 1/2(1− γ5), α is the fine structure constant
and cW ≡ cos θW, where θW is the Weinberg angle. D denotes the number of dimensions
and µ is the regularisation scale. The momentum running through the outer loop is
denoted by q1 while q2 is the momentum running through the heavy loop. All external
momenta and masses other than that of the heavy (s)quarks are taken to be small. As
the loop momenta are not bounded by energy or momentum conservation, there are
phase space regions where they are of the order of the large mass mQ and regions where
they are small. Each of these regions must be considered separately in order to carry
out a consistent expansion of the diagram.
There are four such regions and it can be shown that in two of these regions the
integrals reduce to scaleless integrals after expansion and therefore vanish in dimen-
sional regularisation. There are thus only two regions that must be calculated. The
corresponding subgraphs are labelled γ1 and γ2, leading to
F ′(Γζ2b) = F(Γζ2b\γ1) ∗ T{ki,mi}F(γ1) + F(Γζ2b\γ2) ∗ T{ki,mi}F(γ2). (2.3)
Starting with the first region, both the loop momenta are large |q1|, |q2| ∼ mQ, with
all the other parameters small. Accordingly, the full diagram must be Taylor expanded
in the external momenta and the stau and bino masses
T{ki,mi}F(γ1) = T{pτ ,pea,meτ ,m eB}M
ζ
2b
=− α
2e2Qy
8Dπ6c2W
m eBmQ
{
m2
ea
[
2m2QT0(2, 3, 2) + 4m
2
QT0(2, 4, 1)− T0(1, 3, 2)
− (D − 5)T0(2, 3, 1) + T0(3, 1, 2)− 3T0(3, 2, 1)
]
+D
[
m2eBT0(3, 2, 1)
+ T0(2, 2, 1)
]
−m2eτ
[
−4m2QT0(2, 2, 3)− 2m2QT0(2, 3, 2) + T0(1, 3, 2)
+ (D − 8)T0(2, 2, 2) + T0(2, 3, 1) + 3T0(3, 1, 2)− 7T0(3, 2, 1)
− 2T0(3, 3, 0)
]}
, (2.4)
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where
T0(n1, n2, n3) =
∫
dDq1 d
Dq2
1
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)2n3
. (2.5)
These two–loop T0 integrals can be reduced to one master integral T0(1, 1, 0), i.e. the
product of two one–loop integrals. Putting in D = 4− 2ǫ and taking the leading term
leads to the following expression
T{pτ ,pea,meτ ,m eB}F(γ1) =
ǫ− 1
2ǫ+ 1
α2e2Q
256π8c2W
y m eB
m5Q
T0(1, 1, 0). (2.6)
Substituting in for T0 and evaluating the integrals give the following result
F(Γζ2b\γ1) ∗ T{pτ ,pea,meτ ,m eB}F(γ1) =
α2e2Q
256π4c2W
ym eB
mQ
[
2 log
(
µ2
m2Q
)
−1+1
ǫ
]
u¯(pτ )PLv(pea).
(2.7)
For the second term in the heavy mass expansion, the heavy loop must be Taylor
expanded in q2 as well as the external momenta and stau and bino masses, as the second
region consists of |q1| ≪ mQ and |q2| ∼ mQ
T{ki,mi}F(γ2) = T{pτ ,pea,q1,meτ ,m eB}
(pτ + pea + q1) · (pτ + pea − q1 − 2q2)(
(q2−pea)2−m2Q
)(
(−pτ−pea+q1+q2)2−m2Q
)(
q22−m2Q
) .
(2.8)
Only the leading non-vanishing terms in the small parameters are kept∗, leading to
T{pτ ,pea,q1,meτ ,m eB}F(γ2) =
(pτ + pea + q1) · (pτ + pea − q1 − 2q2)(
q22 −m2Q
)3 , (2.9)
which is then inserted into the original diagram where the heavy loop has been shrunk
to a point, to give the second of the two terms in the heavy mass expansion
F(Γζ2b\γ2) ∗ T{pτ ,pea,q1,meτ ,m eB}F(γ2) = Nc
α2e2Qy
128π8c2W
m eBmQ
∫
dDq2
(2πµ)4−D
1(
q22 −m2Q
)3
×
∫
dDq1
(2πµ)4−D
u¯(pτ )PL
[
(pτ + pea + q1)·(pτ + pea − q1 − 2q2)
]
v(pea)
(q1−pτ−pea)2 (q21−m2eτ )
(
(q1−pτ )2−m2eB
) .
(2.10)
∗The formally leading term can often give a vanishing result.
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The tensor integrals are reduced using Passarino–Veltman reduction procedures which
are briefly outlined in Appendix A.2, before the integrals are evaluated. The end result
can then be expressed in terms of A0, B0 and C0, the usual scalar one–loop tadpole,
self–energy and vertex functions, respectively [114]. The expression is rather lengthy
and only the UV–divergent parts are presented here to give an idea of the structure of
the result of the expansion
F(Γζ2b\γ2) ∗ T{pτ ,pea,q1,meτ ,m eB}F(γ2)|UV−div =
1
ǫ
α2e2Q
16π2
y m eB
mQ
u¯(pτ )PLv(pea). (2.11)
Once all 32 diagrams are summed up, the 1/ǫ divergences cancel and the dependence
on µ drops out, resulting in the leading term in the heavy mass expansion of the diagram.
The decay width is given by
Γ(τ˜R → τ a˜) = 1
2meτ
Φ2
∑
spins
|M(τ˜R → τ a˜)|2, (2.12)
where the bar over the amplitude indicates an averaging over the stau initial states and
Φ2 is the 2–body phase space
Φ2 =
1
2meτ
1
4π
m2
eτ −m2ea
2meτ
. (2.13)
The following result for the decay rate is thus obtained
Γ(τ˜R → τ a˜) = meτ (1− Aa˜)
2
16π
|A|2, (2.14)
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A =
3α2 e2Q
8π2 c4W
√
2meτ
fa
[
3
√
AB˜ log
(
y2f 2a
2m2
eτ
)
− 1
4
√
Aa˜
+
2(1− AB˜)[
√
Aa˜(1− AB˜)−
√
AB˜(1−Aa˜)]
1−Aa˜ log
AB˜ − 1
AB˜
+
2c2W
√
AB˜(Aa˜ − AB˜)(1−
√
AB˜/Aa˜)
1− Aa˜ log
AB˜ −Aa˜
AB˜
+
2
√
Aa˜(1−AB˜)2−
√
AB˜(2−AB˜)(1−Aa˜)+2c2W(1−AB˜)(Aa˜
√
AB˜+AB˜
√
Aa˜)
(1−Aa˜)(1−AB˜)
logAB˜
− s
2
W(
√
Aa˜−
√
AB˜)[2(
√
Aa˜+
√
AB˜)
2−AZ(1+
√
Aa˜AB˜)]
1−Aa˜ m
2
eτ C0(m
2
eτ , m
2
ea, 0, m
2
eτ , m
2
Z , m
2
eB
)
− 2c
2
W(
√
Aa˜ +
√
AB˜)(Aa˜ −AB˜)
1− Aa˜ m
2
eτ C0(m
2
eτ , m
2
ea, 0, m
2
eτ , 0, m
2
eB
)
− 2s
2
W[
√
Aa˜(1− AB˜)−
√
AB˜(1−Aa˜)]
1− Aa˜ m
2
Z C0(0, m
2
ea, m
2
eτ , 0, m
2
Z , m
2
eB
)
− s
2
W
√
Aa˜(2
√
Aa˜AB˜ + 2AB˜ − AZ)
1−Aa˜
(
B0(m
2
ea, m
2
Z , m
2
eB
)−B0(0, 0, m2eτ)
)
+
s2W(2
√
AB˜ + 2
√
Aa˜ −
√
Aa˜AZ)
1−Aa˜
(
B0(m
2
eτ , m
2
Z , m
2
eτ )−B0(0, 0, m2eτ)
)
− 2[s
2
W
√
Aa˜(1− AB˜)− (4 + c2W)
√
AB˜(1− Aa˜)]
1− Aa˜
]
,
(2.15)
with
Aa˜ ≡ m
2
ea
m2
eτ
, AB˜ ≡
m2
eB
m2
eτ
, AZ ≡ m
2
Z
m2
eτ
, (2.16)
where the substitution mQ = yfa/
√
2 has been made. The result has been arranged
so as to make the independence of the regularisation scale (which appears implicitly in
the B0 functions) manifest.
A striking feature of (2.14) is the appearance of the logarithm term ∝ log(y2f 2a/2m2eτ )
in the first line of (2.15). For typical values, y ≈ 1, fa ∼ 109 . . . 1016 GeV, and
meτ ∼ 100 . . . 1000 GeV, the logarithm becomes large, log(y2f 2a/2m2eτ ) ∼ 26 . . . 63, and
dominates the numerical result. This aspect will further be elaborated on below, and
in particular, in Sec. 2.4.
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Figure 2.3: Feynman diagrams for the 3–body stau NLSP decay τ˜R → τa˜γ in KSVZ axion models,
at one–loop (a) and two–loop (b-j) level. The blob indicates the heavy (s)quark loops.
2.2 3–body Decays
Now let us turn to the 3–body decay τ˜R → τ a˜γ. As before, the tau mass will be neglected
throughout. The 3–body decay occurs already at one–loop order, see Fig. 2.3 (a), where
the heavy quarks and squarks run in the loop indicated by the blob. However, the two–
loop contributions shown in Fig. 2.3 (b-j) can be numerically important since they could
generate a large logarithmic factor log(y2f 2a/2m
2
eτ ), similar to the one in (2.14). This
factor can partially compensate the loop suppression factor α.
Again the associated squared matrix element of the diagrams is calculated using an
asymptotic expansion for large (s)quark masses (1.31), retaining only the leading term
∝ 1/fa. The same notation is kept, with q1 denoting the momentum running through
the outer loop while q2 denotes the momentum running through the heavy loop. For
the one–loop diagram, q2 is also used to denote the momentum of the heavy loop for
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consistency.
An outline of the one–loop calculation is given here. There are eight diagrams
contributing to the one–loop amplitude, four with two squarks and one quark in the
heavy loop, and four with one squark and two quarks. There are two momentum regions
to be considered, |q2| ∼ mQ and |q2| ≪ mQ. The second region vanishes after the Taylor
expansion due to a reduction to scaleless integrals. Therefore the integral only needs
to be evaluated in the first region, which involves a Taylor expansion in 1/q2 and large
mass 1/mQ. The calculation for the two–loop diagrams proceeds exactly as for the
2–body diagrams above. The calculation of one characteristic diagram, denoted by Γψ3b,
shall be followed. This is illustrated in Fig. 2.4. The matrix element of Γψ3b is given by
pτ˜
pτ
peB
q2 + pγ
pa˜
q2
q2−pγ
pγ
Figure 2.4: Feynman diagram Γψ3b for the 3–body, one–loop stau NLSP decay τ˜R → τa˜γ.
Mψ3b =−
iα3/2e2Qy
c2Wπ
5/2
1
(pea + pγ)
2 −m2
eB
×
∫
dDq2
(2πµ)4−D
u¯(pτ )PL
(
m eB−6pea−6pγ
)
PR (mQ−6pγ+ 6q2)6 ε∗ (pγ)(mQ+ 6q2)PR v(pea)(
(q2 − pγ)2 −m2Q
) (
q22 −m2Q
) (
(pea + q2)
2 −m2Q
) .
(2.17)
Similarly to the two–loop case, the Taylor expansion on the subgraph is evaluated first
T{ki,mi}F(γ1) = T{pτ ,pea,pγ ,m eB}
PL
(
m eB−6pea−6pγ
)
PR (mQ− 6pγ+ 6q2) 6 ε∗ (pγ) (mQ+ 6q2)PR(
(q2 − pγ)2 −m2Q
) (
q22 −m2Q
) (
(q2 + pea)
2 −m2Q
)
=
PL
(
m eB− 6pea− 6pγ
)
PR (mQ− 6pγ+ 6q2) 6 ε∗ (pγ) (mQ+ 6q2)PR(
q22 −m2Q
)3 , (2.18)
where again, only the leading non-vanishing terms in the expansion has been kept.
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Inserting this back in the full graph,
F(Γψ3b\γ1) ∗ T{pτ ,pea,pγ ,m eB}F(γ1) = −
iα3/2e2Qy
c2Wπ
5/2
1
(pea + pγ)
2 −m2
eB
×
∫
dDq2
(2πµ)4−D
u¯(pτ )PL
(
m eB−6pea−6pγ
)
PR (mQ−6pγ+ 6q2)6 ε∗(pγ)(mQ+ 6q2)PR v(pea)(
q22 −m2Q
)3 ,
(2.19)
and evaluating the momentum integral leads to
Mψ3b = −i
α3/2e2Q
2c2Wπ
1/2
y
mQ
u¯(pτ )PL
(
m eB− 6pea− 6pγ
)
PR (mQ− 6pγ) 6 ε∗(pγ)PRv(pea)
(pea + pγ)
2 −m2
eB
, (2.20)
where only the leading term in ǫ has been taken.
The complete result for the two–loop contribution is rather lengthy. However, since
the 3–body decay rate is suppressed with respect to that of the 2–body decay, it is
sufficiently accurate to keep only the dominant logarithm term ∝ log(y2f 2a/2m2eτ ) of the
two–loop part. The differential decay rate including the one– and two–loop amplitudes
reads
d2Γ(τ˜R → τ a˜γ)
dxγ d cos θ
=
1
2meτ
d2Φ3
dxγ d cos θ
∑
spins
|M(τ˜R → τ a˜γ)|2, (2.21)
where Φ3 is the 3–body phase space
d2Φ3
dxγ d cos θ
=
m2
eτ
256π3
xγ(1− Aea − xγ)
[1− (xγ/2)(1− cos θ)]2
, (2.22)
and
xγ = 2Eγ/meτ , (2.23)
is the photon energy Eγ divided by its maximum value and θ is the angle between the
photon and tau in the rest frame of the stau. In full, the 3-body differential decay rate
is given by
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d2Γ(τ˜R → τ a˜γ)
dxγ d cos θ
=
9
64π4
α3 e4Q
c4W
m3
eτ
f 2a
xγ(1− Aa˜ − xγ)
[2− xγ(1− cos θ)]2
×
[
2x2γ(1− Aa˜ − xγ)[1 + cos θ + Aa˜(1− cos θ)][1 + cos θ + AB˜(1− cos θ)]
[2Aa˜ − AB˜(2− xγ + xγ cos θ) + xγ(1 + cos θ)]2
+
3α
πc2W
log
(
y2f 2a
2m2
eτ
)
[AB˜(1−Aa˜) +
√
Aa˜AB˜(1−Aa˜−xγ)](1+cos θ)+Aa˜AB˜xγ(1−cos θ)
2Aa˜−AB˜(2−xγ+xγ cos θ)+xγ(1+cos θ)
+
9α2
8π2c4W
log2
(
y2f 2a
2m2
eτ
)
AB˜
2(1−Aa˜)(1−Aa˜−xγ)(1+cos θ) + x2γ[2−(1−Aa˜)(1−cos θ)]
x2γ(1−cos θ)(1−Aa˜−xγ)
]
.
(2.24)
It is interesting to note that only the contributions from the diagrams in Fig. 2.3 (f-j)
are logarithmically enhanced. In these diagrams the photon is radiated either from the
external tau or stau line or from a four–vertex, so that the loop integral is essentially
the same as for the 2–body decay. If the photon is radiated off the heavy (s)quark
loop, as in Fig. 2.3 (d,e), an additional heavy (s)quark propagator is introduced in
this loop. In fact, the leading term in the HME of these diagrams is not O(1/fa)
but O(1/f 2a ) and thus strongly suppressed. Finally, the absence of a large logarithm
log(y2f 2a/2m
2
eτ ) in the diagrams Fig. 2.3 (b,c) can be understood as follows: a logarithmic
dependence on the heavy (s)quark mass corresponds to a UV divergence if the (s)quark
mass becomes infinite, mQ/Q˜1,2 = y fa/
√
2→∞. When the (s)quark loop is integrated
out, Fig. 2.3 (b,c) turn into one–loop diagrams with four propagators in the loop. One
can see from simple power counting that these one–loop terms are UV finite so that the
full two–loop contribution from Fig. 2.3 (b,c) cannot generate any large logarithms.
In [115], the 2– and 3–body decay rates were calculated using an effective theory
where heavy (s)quark loops were integrated out. As mentioned above, this method leads
to a logarithmic divergence in the result. As in [116], that logarithmic divergence was
regulated with the cutoff fa, and only the dominant contributions were kept. Moreover,
the authors of [115] introduced a factor ξ and a mass scale m to parameterise the
uncertainty associated with this cutoff procedure. The direct two–loop result now allows
a direct connection with the parameters of the underlying model to be made, yielding
agreement between (2.24) and the 3–body result of [115] for ξ = 1, m =
√
2meτ/y and
CaYY = 6e
2
Q. The comparison of the 2–body results can be found in [23] and will also
be addressed in Sec. 2.4.
The term in the last line of (2.24) has an infrared (IR) divergence for xγ → 0 and
a collinear divergence for cos θ → 1. These divergencies would be cancelled by the
virtual three–loop correction to the 2–body decay channel. However, the calculation of
this three–loop contribution is a formidable task and beyond the scope of this thesis.
Furthermore, as will be shown below, the branching ratio of the 3–body mode is small
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and has a minor effect on the total lifetime. Therefore, the three–loop contribution to
the 2–body decay mode will have a similarly small effect and can be safely neglected.
Nevertheless, our calculation of the 3–body decay mode provides a meaningful descrip-
tion of the energy and angular distributions of the photon (as long as xγ and 1− cos θ
do not become too small), which can be used for analysing this decay at colliders, see
Chapter 4.
Because of the soft and collinear divergencies, the integrated 3–body rate with cuts
on the scaled photon energy, xγ > x
cut
γ , and on the photon angle, cos θ < 1 − xcutθ , is
considered
Γ(τ˜R → τ a˜γ; xcutγ ; xcutθ ) ≡
∫ 1−Aa˜
xcutγ
dxγ
∫ 1−xcut
θ
−1
d cos θ
d2Γ(τ˜R → τ a˜γ)
dxγ d cos θ
. (2.25)
Figure 2.5 shows the branching ratio of the integrated 3–body decay rate,
BR(τ˜R → τ a˜γ; xcutγ ; xcutθ ) ≡
Γ(τ˜R → τ a˜γ; xcutγ ; xcutθ )
ΓeτRtot
, (2.26)
with
ΓeτRtot ≡ Γ(τ˜R → τ a˜) + Γ(τ˜R → τ a˜γ; xcutγ ; xcutθ ). (2.27)
As can be seen from Fig. 2.5 (a), within reasonable ranges of xcutγ and x
cut
θ , the 3–
body decay contributes only O(1%) to the total decay rate. The latter is therefore
well approximated by the 2–body contribution. For AB˜ ≡ m2eB/m2eτ → 1, the branching
ratio (2.26) grows rapidly as shown in Fig. 2.5 (b) for xcutγ = x
cut
θ = 0.1. This is
because the dominant, logarithmically–enhanced part of Γ(τ˜R → τ a˜) ∝ meτ m2eB while
Γ(τ˜R → τ a˜γ) ∝ m3eτ . However, the branching ratio always stays below about 3.5% for
meτ . 5TeV and x
cut
γ = x
cut
θ = 0.1. As long as m
2
ea/m
2
eτ ≪ 1 the influence of mea on
the branching ratio is small. The product yfa also determines the relative contribution
of the one– and two–loop amplitudes to the 3–body decay rate. For the parameters
in Fig. 2.5, both the one– and two–loop amplitudes are of roughly equal importance.
Varying yfa by one order of magnitude up or down changes the 3–body branching ratio
by 2–10%.
2.3 4–body Decay
The 4–body decay modes τ˜R → τ a˜γγ, τ˜R → τ a˜ll¯ and τ˜R → τ a˜qq¯ have a negligible
impact on the total stau decay rate since they are suppressed by an additional factor
α compared to the 3–body decay. However, for τeτ > 100 s, hadronic energy injection
[99–105] from τ˜R → τ a˜qq¯ decays can affect the abundances of primordial light nuclei
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Figure 2.5: Branching ratio of the 3–body decay τ˜R → τa˜γ as a function of (a) the soft and collinear
cut parameters xcutγ and x
cut
θ and (b) the masses meτ and m eB. In both plots the other parameters are
set to mea = 10 GeV, fa = 10
11 GeV, |eQ| = 1/3, y = 1, as well as meτ = 100 GeV, m eB = 110 GeV for
the left figure, and xcutγ = x
cut
θ = 0.1 for the right figure.
significantly, see Sec. 3.3. The evaluation of BBN constraints from this effect requires
the calculation of the hadronic 4–body decays.
The Feynman diagrams for τ˜R → τ a˜qq¯ can be deduced from the diagrams in Fig. 2.3
by splitting the final state photon into a qq¯ pair. In addition there are diagrams where
this photon is replaced by a Z boson. These are explicitly shown in Fig. 2.6.
The one–loop contribution, see Fig. 2.6, has been calculated with the same HME
techniques explained in the previous subsections. Again for the two–loop amplitude,
only the terms ∝ log(y2f 2a/2m2eτ ) are retained. Following the arguments of the previous
subsection, no such logarithmic term is generated from diagrams where the (γ → qq¯)
or (Z → qq¯) is emitted from inside the loops. One has to consider only the two–loop
diagrams where the γ, Z is emitted from the external stau or tau lines or is attached via
a quartic coupling to the external and internal stau and the internal γ, Z (see also Fig. 1
of [24]). As a result, one can directly use the result for the 3–body decay without having
to recompute the complete amplitude. As the only necessary modifications, the stau-
γ/Z or tau-γ/Z splitting functions have to be added and the stau or tau momentum
in the loop integrals moved off–shell. In this calculation the width of the Z boson is
included by introducing a complex mass in the propagator, m2Z → m2Z − imZΓZ .
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Figure 2.6: Feynman diagrams for the 4–body stau NLSP decay τ˜R → τa˜qq¯ in KSVZ axion models,
at one–loop (a) and two–loop (b-j) level. The blob indicates the heavy (s)quark loops.
The differential decay rate as a function of the qq¯ invariant mass, mqq¯ is given by
dΓ(τ˜R → τ a˜qq¯)
dmqq¯
=
1
32m2
eτ
1
(2π)8
∫
dmτV
∫
dΩa˜
∫
dΩ′V
∫
dΩ′′q
×|ka˜| |k′V | |k′′q | |M(τ˜R → τ a˜qq¯)|2,
(2.28)
where mτV is the invariant mass of the final state τ and the intermediate V = γ, Z
boson, Ωa˜ and ka˜ are the solid angle and 3–momentum of the axino in the τ˜R rest
frame, Ω′V and k
′
V are the solid angle and 3–momentum of the V = γ, Z boson in the
τV rest frame, and Ω′′q and k
′′
q are the solid angle and 3–momentum of the final state
quark in the V = γ, Z rest frame.
One of the solid angle integrations, say
∫
dΩa˜, is trivial and simply corresponds to
a redefinition of the coordinate system. One additional azimuthal angle integration is
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Figure 2.7: Energy spectrum of quark–antiquark pairs emitted from the 4–body decay τ˜R → τa˜qq¯
with an invariant mass mqq¯, normalised to the 2–body decay rate, Γ(τ˜R → τa˜). The shown quantity
is independent of eQ. The other parameters are set to m eB = 1.1meτ , fa = 10
11 GeV and y = 1.
also trivial since the incoming stau carries no polarisation. The integration over the
angle of the final state qq¯ pair yields, for massless quarks,∫
dΩ′′q [u¯(kq)γ
µ(v + aγ5)u(kq¯)] [u¯(kq¯)γ
ν(v + aγ5)u(kq)] =
16π
3
(−gµνk2V +kµV kνV ) (v2+a2),
(2.29)
where v and a are the respective vector and axial couplings and kV = kq + kq¯. The
remaining integrations over cos θ′V and mτV ,
dΓ(τ˜R → τ a˜qq¯)
dmqq¯
=
1
128(2π)6m2
eτ
λ1/2(m2
eτ , m
2
ea, m
2
τV )
2meτ
m2τV −m2qq¯
2mτV
mqq¯
2
×
∫ 1
−1
d cos θ′V
∫ meτ−mea
mqq¯
dmτV |Mˆ|2,
(2.30)
need to be performed numerically. Here λ(a, b, c) ≡ a2 + b2 + c2− 2(ab+ ac+ bc), θ′V is
the polar angle of Ω′V , and |Mˆ|2 is the squared matrix element with the external quark
current replaced by expression (2.29).
Figure 2.7 shows the obtained energy spectrum of the quark–antiquark pair stem-
ming from the 4–body decay for several choices of the stau and axino masses, m eB =
1.1meτ and fa = 10
11GeV. It is normalised to the 2–body decay width given by (2.14).
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As evident from the figure the effect of the Z boson resonance becomes important only
for meτ −mea & 100 GeV.
Since pions decay fast, the major impact of hadronic energy release on primordial
nucleosynthesis stems from nucleons that hadronise from the qq¯ pair (see Sec. 3.3).
Therefore only qq¯ pairs withmqq¯ > 2 GeV are considered. Moreover, cc¯ and bb¯ pairs only
contribute for invariant masses above the J/Ψ(1S) resonance with mJ/Ψ,1S = 3.0 GeV
and the Υ(1S) resonance with mΥ,1S = 9.5 GeV, respectively. The contribution from tt¯
pairs is strongly suppressed due to the large threshold mtt¯ & 350 GeV. In the matrix
element all quarks are taken to be massless. This approximation is justified by the
behaviour of the cross section for e+e− → qq¯ as a function of the centre–of–mass energy,
which is well described by step function thresholds for the heavy quarks.
2.4 Stau Lifetime
It has already been mentioned and shown that the branching ratios of the 3– and 4–
body decays are very small. This means that the stau NLSP lifetime τeτ = 1/Γ
eτR
tot can
be very well estimated by the 2–body partial decay width alone, given by (2.14)
ΓeτRtot ≈ Γ(τ˜R → τ a˜). (2.31)
Indeed, the lifetime is dominated by the leading logarithmic (LL) term of the 2–body
decay,
Γ(τ˜R → τ a˜)LL =
81α4 e4Q
512π5 c8W
meτ
f 2a
(1− Aa˜)2m2eB log2
(
y2f 2a
2m2
eτ
)
. (2.32)
The mass of the axino enters only through the kinematics factor in this leading term,
and the lifetime quickly becomes independent of mea if it is sufficiently smaller than meτ ,
i.e. when Aa˜ is small enough. Moreover, it is useful to look at the LL expression (2.32)
to see analytically the dependency of the lifetime on the parameters of the underlying
model. It is highly sensitive to the charge of the heavy (s)quarks τeτR ∝ 1/e4Q, and less
so to the Yukawa coupling y. With respect to the case in Fig. 2.9, τeτ is thus reduced by
a factor of 81 (16) for |eQ| = 1 (2/3). On the other hand, if eQ = 0, the decay of the τ˜
NLSP will require 4–loop diagrams involving gluons, gluinos, and ordinary (s)quarks,
which would thus lead to significantly larger lifetimes than in Fig. 2.9.
Figure 2.8 shows the discrepancy between the LL approximation (2.32) and the full
expression (2.14), 1 − Γ(τ˜R → τ a˜)LL/Γ(τ˜R → τ a˜), which is maximised for small fa
and mea, and large meτ and m eB. This LL result (2.32) can be compared to Eqn. (2)
obtained in [115], where a cut–off method [116] had been used to calculate the 2–body
decay. Fixing the mass scale to m = 100GeV as suggested in [115], the discrepancy is
insensitive to fa as, in the leading logarithm, it enters in the same way in both cases.
However, due to the fixed mass scale used in [115] to account for the uncertainty of the
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Figure 2.8: The discrepancy between the LL approximation (2.32) and full expression (2.14) for the
2–body decay of the stau NLSP, 1 − Γ(τ˜R → τa˜)LL/Γ(τ˜R → τa˜), for m eB = 1.1meτ (solid lines) and
m eB = 1.01meτ (dotted lines). |eQ| = 1/3, y = 1 and the limit m2ea/m2eτ ≪ 1 is taken.
result, its discrepancy to the exact full result (2.14) can be much larger than that of the
LL obtained in the calculation presented here. For this case, the error increases with
increasing meτ and m eB, and decreasing fa. In general, it represents an overestimation
of the exact result and the discrepancy reaches over 35% for meτ ≈ 1TeV, m eB = 2.0meτ
and fa ≈ 109GeV.
The stau lifetime (including the non–LL terms) is plotted in Fig. 2.9 as a function
of its mass meτ . It illustrates the sensitivity of the lifetime not only to meτ but also fa
and m eB. The limit of m
2
ea/m
2
eτ ≪ 1 is taken, where the effect of a changing mea becomes
negligible. For stau masses in the range that would be accessible at the LHC, and the
allowed range of fa (see introduction), one sees that the lifetime can range from about
10−4 s to 104 s. Note that lifetimes larger than 104 s can be excluded by catalysed BBN,
as will be shown in Sec. 3.3. This has implications both phenomenologically and cosmo-
logically, which will be explored in the proceeding sections. In the analyses that follow,
the full expression of the 2–body decay is used to calculate the stau NLSP lifetime. For
demonstrative purposes, |eQ| = 1/3 and y = 1 are generically set. Furthermore, the
results are only shown for meτ ≥ 80GeV [27], the limit set from searches for long–lived
staus at the Large Electron Positron (LEP) collider.
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Figure 2.9: The lifetime of the stau NLSP as a function of meτ for m
2
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eτ ≪ 1, |eQ| = 1/3, y = 1
and fa values ranging from 10
10 to 1014 GeV. The solid, dashed and dotted lines indicate τeτ for
m eB = 1.1meτ , m eB = 2.0meτ and m eB = 1.01meτ , respectively.
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Chapter 3
Cosmological Constraints
In this chapter the results for the stau NLSP decays obtained in the previous chapter are
used to systematically study cosmological constraints on axino dark matter scenarios.
First the focus is placed on the relic axino density, which is constrained by the present
dark matter density. Then the constraints from structure formation are explored, where
upper limits on the present free–streaming velocities of axino dark matter emerge in
order to respect the power spectrum observed at small scales. Lastly, the effects on big
bang nucleosynthesis is studied, which can substantially constrain the parameter space
of the considered hadronic axino model. Using these constraints, limits on the PQ scale
fa and the reheating temperature TR can be derived.
For the following considerations, a standard thermal history with a post–inflationary
reheating temperature in the range of T eτf < TR < fa is assumed, where T
eτ
f ∼ meτ/25
is the freeze–out temperature of the staus, i.e. the temperature at which the staus de-
couple from the thermal bath in the early universe.∗ By considering TR < fa, scenarios
in which the PQ symmetry is not restored during or after reheating are picked out. In
fact, the PQ symmetry is assumed to be broken before inflation and not restored after-
wards. For large fa, the relic axion density Ωa is governed by the initial misalignment
angle Θi of the axion field with respect to the CP–conserving position (see [49,66] and
references therein). This allows the presented dark matter density constraints to be
kept conservative by assuming Ωa ≪ Ωdm which is possible even for fa above 1014GeV
since Θi can be sufficiently small. Depending on the model, the saxion – which is the
bosonic partner of the axino that appears in addition to the axion – can be a late decay-
ing particle and as such be associated with significant entropy production [71–73,117].
This could affect cosmological constraints [118] including those considered in this work.
Leaving a study of saxion effects for future work, a standard thermal history is assumed
in this thesis. Those effects can then be considered negligible.
∗TR is referred to as the initial temperature of the radiation–dominated epoch. Relations to TR
definitions in terms of the decay width of the inflaton field can be established in the way presented
explicitly for the G˜ LSP case in [97].
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3.1 Constraints from the Present Dark Matter Den-
sity
In this section, the constraints on the relic axino density from the dark matter den-
sity [119, 120]
Ω3σdmh
2 = 0.105+0.021−0.030, (3.1)
as obtained from the measurements of the CMB anisotropies by the WMAP satellite,
with h = 0.73+0.04−0.03 denoting the Hubble constant in units of 100 kmMpc
−1 s−1, are
discussed. Note that this nominal 3σ range is derived assuming the six–parameter flat
ΛCDM model briefly described in Sec. 1.2.1, and in more detail in [119]† . If the fit is
performed in the context of a more general model, a larger range is possible even with
additional data from other cosmological probes [122].
The primordial origin of axinos is dependent on the history of the universe and the
particle physics model. The thermal history considered here is as described above and
it is further assumed that all axinos that existed before inflation were diluted away
during the slow–roll phase, such that the density becomes negligible at the start of the
reheating period. The dark matter density (3.1) constrains the relic axino density
Ωea = Ω
therm/TP
ea + Ω
NTP
ea ≤ Ωdm − Ωa, (3.2)
where contributions from thermal relic (therm) or thermally produced (TP) axinos and
from non–thermally produced (NTP) axinos from stau NLSP decays are included.
The freeze–out temperature of the axino T eaf can be very high due to its extremely
weak interactions. For example, T eaf ∼ 109GeV (1011GeV) has been found for fa =
1011GeV (1012GeV) [123–125]. For a reheating temperature TR > T
ea
f , axinos were
initially in thermal equilibrium with the primordial plasma, and decoupled while still
relativistic, at T eaf ≫ mea. Accordingly, the resulting thermal relic axino density is given
by [123–126]
Ωtherm
ea h
2 = 0.05
(
230
g∗S(T
ea
f )
)( mea
100 eV
)
, (3.3)
≈ mea/(2 keV), (3.4)
where g∗S(T
ea
f ) is the number of effectively massless degrees of freedom at decoupling. As
T eaf is typically very high, all particles in the MSSM can be considered as relativistic at
this time, and with the addition of the axion and the axino, g∗S(Tf) ≈ 230 can be used,
which leads to (3.4) above. The constraint (3.2) thus translates into mea . 0.2 keV [123]
†The updated values fitted to WMAP5 [121] and WMAP7 [19] data have also been published and
are consistent with the WMAP3 value used here.
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even in the most conservative case with ΩNTP
ea + Ωa ≪ Ωdm. As will be shown in
Sec. 3.2, this places thermal relic axinos in the ‘hot’ dark matter category, where even
more restrictive constraints apply. It should however be noted that an axion cold dark
matter scenario, Ωa ≈ Ωdm, in which thermal relic axinos with mea ≪ 0.2 keV provide a
tolerable contribution to hot dark matter, is a viable option [125].
For TR < T
ea
f , the axinos were never in thermal equilibrium with the thermal
bath but can still be produced via scattering of coloured particles in the hot MSSM
plasma [124–128]. Working within the framework of SUSY QCD, hard thermal loop
(HTL) resummation and the Braaten–Yuan prescription [129] have been used to cal-
culate the rate of this thermal axino production in a gauge–invariant way. The result
is consistent to leading order in the strong coupling αs = g
2
s /4π [125]. Considering
TR as the initial temperature of the radiation–dominated epoch, this rate leads to the
following expression for the relic density [23, 125]
ΩTP
ea h
2 = 5.5 g6s (TR) log
(
1.211
gs(TR)
)(
mea
0.1GeV
)(
1011GeV
fa
)2(
TR
104GeV
)
, (3.5)
where gs(TR) =
√
4παs(TR) is evaluated according to its 1–loop renormalisation group
running within the MSSM from αs(mZ) = 0.1176 at mZ = 91.1876 GeV. In this study,
(3.5) is used since it emerges from a gauge–invariant treatment that is consistent to
leading order in gs. Note however that this treatment relies on the weak coupling limit,
gs ≪ 1, and thus on high temperatures, T ≫ 104GeV [125].‡
The TP relic density is sensitive to TR and fa and can therefore provide a means
through which the reheating temperature and/or the Peccei–Quinn scale can be probed
[130]. By constraining ΩTP
ea with (3.2), upper limits on TR are obtained for given mea and
fa (or equivalently lower limits on fa for givenmea and TR) [23,118,125,126,128,130,131].
For (3.5) and ΩNTP
ea + Ωa ≪ Ωdm, these limits are explored in Sec. 3.5. For example,
insisting on a high reheating temperature of TR & 10
9GeV, which is desirable when
considering the viability of standard thermal leptogenesis, and on axinos being cold
dark matter, mea & 100 keV (explored more in Sec. 3.2), fairly high fa values of fa >
3×1012GeV [23] must be considered. Note however, that the study in this thesis is not
constrained to any specific baryogenesis scenario or range of fa values other than (1.26).
Along with the thermal relic or thermally produced axinos, there are also non–
thermally produced axinos from out–of–equilibrium NLSP decays. Due to the highly
suppressed coupling of the axino to MSSM particles, the stau NLSP is long–lived enough
such that the other SUSY particles would have cascade–decayed to the stau by the time
the staus themselves are decaying (see Chapter 2). This occurs typically after its freeze–
out, i.e. when T ≪ T eτf . Thus only the yield of the stau NLSP after freeze–out has to
‡For alternative approaches that also consider thermal axion production at lower temperatures,
see [127,128] where [128] also includes an additional squark–squark–gluino–axino vertex and a different
TR definition.
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be considered,
Yτ˜ ≡ neτR
s
= 2Y
eτ−
R
, (3.6)
where s is the total entropy density of the universe and neτR is the total number density
for an equal number density of positively and negatively charged τ˜R sleptons, that is,
the number density that the stau NLSP would have today, if it had not decayed. As
each stau decays into one axino, the relic density of the axino from this non–thermal
production is given by the following expression [132]
ΩNTPea h
2 = mea Yτ˜ s(T0)h
2/ρc, (3.7)
where ρc/[s(T0)h
2] = 3.6 × 10−9GeV as obtained from the critical density ρc/h2 =
8.1 × 10−47GeV4, the present temperature T0 = 2.73K ≡ 2.35 × 10−13GeV and the
number of effectively massless degrees of freedom governing the entropy density today
g∗S(T0) = 3.91.
The stau NLSP yield Yτ˜ can be calculated numerically and is model–dependent.
For the purposes of the work in this thesis, with the focus on the τ˜R NLSP setting, the
following three characteristic approximations are considered:
Yeτ ≃ κ× 10−12
( meτ
1 TeV
)
, κ = 0.7, 1.4, 2.0, (3.8)
where κ quantifies representative differences in the yield due to possible mass degenera-
cies of the stau NLSP to other sparticles and hence the extent of coannihilation. The
value κ = 0.7 corresponds to the case with m eB = 1.1meτ and meτ ≪ me˜,µ˜, in which
primordial stau annihilation involves only (anti–)staus in the initial state [133].§ The
yield associated with κ = 1.4 is encountered if there is either additional stau–slepton
coannihilation corresponding tomeτ . me˜,µ˜ < 1.1meτ [133] or additional stau–bino coan-
nihilation corresponding to meτ . m eB < 1.1meτ (see Yeτ contours close to the dashed line
in the right panel of Fig. 3 in [97]). For an approximate degeneracy of meτ with both
me˜,µ˜ and m eB, simultaneous stau–slepton–bino coannihilation can lead to an even larger
yield with κ = 2 in (3.8) (see Yeτ contours close to the dashed line in the left panel of
Fig. 3 of [97]). These κ values have been checked to be easily obtainable for appropriate
constrained MSSM (CMSSM) points using micrOMEGAs 2.4 [134, 135]. More details
on this are given in Chapter 4.
Putting the above together, (3.2) can be rewritten to obtain the dark matter con-
straint on the stau abundance prior to decay, Yeτ ≤ Y maxeτ dm with
Y max
eτ dm = 4.5× 10−11
(
Ωmaxdm − ΩTPea − Ωa
0.126/h2
)(
10 GeV
mea
)
. (3.9)
Figure 3.1 shows the corresponding constraints on mea and meτ that emerge when (3.8)
§The bino mass m eB = 1.1meτ considered in [133] represents a typical mass splitting in regions with
m eB > meτ encountered in scenarios such as the constrained MSSM (CMSSM).
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Figure 3.1: Constraint imposed by ΩTP
ea h
2 +ΩNTP
ea h
2 ≤ 0.126 for fa = 1013GeV, TR = 107, 106, 105,
104GeV, and TR such that Ω
TP
ea is negligible. The solid, dashed, and dotted lines are obtained for the
thermal relic stau yield (3.8) with κ = 0.7, 1.4 and 2.0, respectively. For given TR and κ, the region to
the right of the corresponding line is disfavoured by the dark matter constraint.
is confronted with (3.9) for Ωmaxdm h
2 = 0.126, Ωa ≪ Ωdm, fa = 1013GeV, and TR = 107,
106, 105, 104GeV, and a sufficiently small TR value, where Ω
TP
ea can be neglected. The
solid, dashed, and dotted lines are obtained for κ = 0.7, 1.4 and 2.0, respectively. The
disfavoured region is the one to the right of the respective curve. Differences with respect
to κ become visible/significant only for mea > 10 GeV, which illustrates that Ω
NTP
ea is
negligible for mea . 10 GeV in the considered meτ range. By increasing (decreasing) fa
by one order of magnitude, the TR value at a given curve will increase (decrease) by
two orders of magnitude. Note that the curves can also be read as the upper limits on
TR that are imposed by the dark matter constraint (3.2) for given mea, meτ , and κ when
Ωa ≪ Ωdm.
In this and the next three sections, the scenario with T eaf > TR is focused on, taking
the most conservative point of view with ΩTP
ea + Ωa ≪ Ωdm (i.e. with sufficiently small
TR and Θi) when showing the dark matter constraint. By confronting (3.9) with Yeτ , as
described by (3.8), the associated constraint will then disfavour mea and meτ combina-
tions that are located above/to the right of the grey bands in the figures that follow.
Note however, that the behaviour of the dark matter constraint for sizeable TR leading
to sizeable ΩTP
ea can easily be inferred from Fig. 3.1.
A more phenomenologically–driven approach can also be considered where all of the
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observed dark matter density is assumed to be composed of axinos from NLSP decays,
Ωdm ≃ ΩNTPa˜ . Irrespective of the freeze–out behaviour of the stau NLSP, this requires
the following yield
Yeτ = 3.75× 10−11
(
Ωdm
0.105/h2
)(
10 GeV
mea
)
, (3.10)
(and again TR and Θi sufficiently small such that Ω
TP
ea + Ωa ≪ Ωdm). For small values
of mea, typical values of the thermal relic stau yield, as described by (3.8), cannot
reach (3.10). The higher yield can however be accounted for by additional non–standard
sources of staus such as late–decaying scalar fields. While the dark matter constraint
in this case is fulfilled by construction, the region in which (3.10) agrees with typical
thermal relic Yeτ values are then indicated by grey bands. This will be referred to as
the non–standard production scenario.
3.2 Constraints from Structure Formation
Let us now address the constraints on axino dark matter scenarios imposed by the
matter power spectrum and related studies. Depending on details of their primordial
origin, axinos can fall into the categories of cold, warm, and hot dark matter. As
warm dark matter (WDM) or hot dark matter (HDM), they can be associated with
significant suppression of structures on scales below a potentially sizeable comoving
free–streaming scale λFS. Studies of cosmic structures can thus provide upper limits on
λFS or equivalently, on the present free–streaming velocity v
0
FS of axino dark matter.
Various limits on v0FS obtained in WDM studies are compiled and confronted with the
free–streaming velocities obtained for thermal relic axinos, thermally produced axinos,
and axinos from stau NLSP decays.
In WDM investigations of cosmic structure formation, it is typically assumed that all
dark matter consists of one species with mass mWDM that was once in thermal equilib-
rium with the primordial plasma and freezes out while relativistic at TWDMf ≫ mWDM.
Correspondingly, for a Majorana fermion of spin 1/2, ΩWDMh
2 is given by (3.3) after the
obvious substitutions, where g∗S(T
WDM
f ) is now fixed by the requirement ΩWDM = Ωdm
for a given mWDM. With an initial root mean squared momentum at freeze–out of
〈p(TWDMf )〉 = 3.151TWDMf , the present root mean squared free–streaming velocity is
governed by mWDM:
(vrms,0FS )
WDM = 0.75 km s−1
(
Ωdmh
2
0.105
)1/3(
100 eV
mWDM
)4/3
. (3.11)
Using this expression, the upper limits on v0FS listed in Table 3.1 are obtained from
the respective WDM constraints provided in the literature in terms of a lower limit on
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mminWDM (v
rms,0
FS )
max (λFS)
max
Probe [keV] [km/s] [Mpc] Reference
Number of MW satellites 2.1 0.01 0.12 [140]
Luminosity function of MW satellites 1 0.03 0.32 [141]
Phase space density in dSphs 0.7 0.06 0.59 [142]
Phase space density in dSphs 0.6–1.5 0.02–0.07 0.22–0.67 [143]
Lyman-α forest (z ≃ 3) 0.75 0.05 0.50 [144]
Lyman-α forest (z ≃ 2− 3) 0.55 0.08 0.76 [145]
Lyman-α forest (2.2 < z < 4.2) 2 0.01 0.12 [146]
Lyman-α forest (2.0 < z < 6.4) 4 0.005 0.06 [147]
Table 3.1: A selection of constraints on WDM particles from observations and numerical simulations.
The lower limits on mWDM are taken from the corresponding references. The values for (v
rms,0
FS )
max
and (λFS)
max are derived from mminWDM using (3.11) and (3.12), respectively.
mWDM. In Table 3.1 each limit is also given in terms of an upper limit on the free–
streaming scale, which can be estimated by calculating the redshift of the velocity of
the particle from the time of production to the time when the Jeans mass instability
starts to take effect, i.e. at the time of matter–radiation equality [136]
λFS ≃
∫ teq
0
dt
v(t)
a(t)
= 2v0FS teq (1 + zeq)
2 log
(√
1 +
1
(v0FS)
2(1 + zeq)2
+
1
v0FS(1 + zeq)
)
,
(3.12)
with the cosmic scale factor a(t), the dark matter velocity v(t) = |~p(t)|/√|~p(t)|2 +m2WDM
and its present free–streaming velocity v0FS, which is assumed to be non–relativistic. The
time and redshift at matter–radiation equality are given, respectively, by
zeq = 3082 and teq = 2.0× 1012 s, (3.13)
where the values have been calculated for a cosmological model with matter density
Ωm = 0.24, radiation density Ωγ = 4.6 × 10−5, and cosmological constant ΩΛ = 0.73,
as derived from WMAP3 data. Note that the relation (3.12) between λFS and v
0
FS is
obtained in the limit that the considered dark matter population was produced (or
decoupled from the primordial plasma) at ti much before radiation–matter equality,
i.e. for ti ≪ teq [137–139]. The derivations of the above equations, as well as the
expressions for the free–streaming velocity that follow, can be found in Appendix B.
Table 3.1 lists representative limits inferred from from various astrophysical observa-
tions and studies of structure formation in WDM cosmologies. Included are constraints
from the number of Milky Way (MW) satellites [140] and their luminosity function [141].
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Here insights into the number and properties of satellite galaxies around the MW are
taken into account which became accessible due to the results of the Sloan Digital Sky
Survey (SDSS) only recently. Another source for the mminWDM constraint is the maximum
observed phase space density in dwarf spheroidal galaxies (dSphs) [142,143]. Moreover,
one of the most sensitive probes is the Lyman–α forest. Associated studies give some
of the most constraining limits on the thermal WDM mass [144–147]. The data are
available over a large range of redshifts z and allow for the study of the power spectrum
down to very small scales. In particular, [147] uses High Resolution Echelle Spectrom-
eter (HIRES) data in combination with data from SDSS to place a lower limit on the
WDM mass of mWDM & 4 keV. As can be seen in Table 3.1, this 4 keV limit is signifi-
cantly larger than the limits coming from other observations. The spread in the mWDM
limits reflects that WDM constraints are subject to ongoing research. In the following,
some focus is placed on
mWDM & 1 keV ≡ vrms,0FS . 0.03 km/s (conservative), (3.14)
mWDM & 4 keV ≡ vrms,0FS . 0.005 km/s (most restrictive). (3.15)
These two limits will also indicate the range into which most of the limits that are given
in Table 3.1 fall.
For thermal relic axinos which freeze–out with a mean squared momentum of 〈p(T eaf )〉 =
3.151T eaf , the root mean squared value of their present free–streaming velocity is given
by
(vrms,0FS )
therm
ea = 0.57 km s
−1
(
230
g∗S(T eaf )
)1/3(
100 eV
mea
)
. (3.16)
Thus, the axino mass limit derived from the dark matter density constraint in Sec. 3.1,
mea . 0.2 keV, implies (v
rms,0
FS )
therm
ea & 0.3 km/s which is an order of magnitude above the
conservative limit (3.14), i.e. thermal relic axinos would suppress small–scale structure
too much. They are thus considered too ‘hot’ and are disfavoured as the dominant
component of today’s dark matter density. Nevertheless, they can provide hot dark
matter in addition to neutrinos and can coexist with some other species providing the
cold dark matter such as axions. In such a setting, the limit from [145] on the mixed
scenario can be adopted which in the thermal relic axino case becomes mea . 36 eV
since g∗S(T
ea
f ) ≃ 230.
For thermally produced axinos, their mean squared momentum is estimated at
the reheating temperature TR, where their production is most efficient, as 〈p(TR)〉 =
3.151TR. Although never in thermal equilibrium, this choice is motivated by the fact
that these axinos are produced in the scattering of particles that are in thermal equi-
librium with the primordial plasma. Accordingly (vrms,0FS )
TP
ea is estimated by (3.16) after
the substitution T eaf → TR. As mentioned in the previous section, g∗S ≈ 230 can be
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used for large TR. Clearly, for mea & 100 keV, the present free–streaming velocity of
these thermally produced axinos is well below the constraints shown in Table 3.1, which
places them into the category of cold dark matter. For 12 keV . mea < 100 keV, ther-
mally produced axinos can be considered as WDM but will still be compatible with
the most restrictive limit in Table 3.1: (vrms,0FS )
TP
ea . 0.005 km/s. The more conserva-
tive limit (3.14) would even allow for mea as light as about 2 keV. This can become
relevant for models of inflation and baryogenesis in axino dark matter scenarios with
ΩTP
ea ≃ Ωdm: the lighter the mea allowed by structure formation the higher will be the
TR value allowed by the dark matter constraint (3.2) for a given fa, see also Fig. 3.1
above and Sec. 3.5.
For axinos produced non–thermally in stau NLSP decays, the present free–streaming
velocity (v0FS)
NTP
ea can be inferred from the 2-body stau decay calculated in Chapter 2.
Since the 2-body decay is the dominant decay channel, most non–thermally produced
axinos have an initial momentum given by
|~pea(ti)| = m
2
eτ −m2ea −m2τ
2meτ
. (3.17)
By considering the redshift of (3.17) due to the expansion of the universe, their present
free–streaming velocity [148] is then obtained
(v0FS)
NTP
ea =
T0
mea
m2
eτ −m2ea −m2τ
2meτ
(
g∗S(T0)
g∗S(τeτ )
)1/3(
4π2g∗(τeτ )τ
2
eτ
90M2Pl
)1/4
, (3.18)
which is valid in the usual case that they are produced during the radiation–dominated
epoch, ti ≪ teq, and that they are non–relativistic today, |~pea(t0)| = meav0. Here
MPl = 2.4 × 1018GeV is the reduced Planck mass, and g∗(τeτ ) and g∗S(τeτ ) are the
effective number of relativistic degrees of freedom governing the energy density and
entropy density, respectively, at the time the stau NLSP decays into the axino LSP.
For example, if the staus decay after electrons and positrons become non–relativisic,
g∗S(τeτ ) = g∗S(T0) = 3.91 and g∗(τeτ ) = g∗(T0) = 3.36. Note that the sudden decay
approximation is used in which all staus are considered to simultaneously decay at time
ti = τeτ .
¶ In the following, the full result (2.14) is used to calculate (v0FS)
NTP
ea in the
limit mτ → 0. Nevertheless, the main features are already described by the following
estimate obtained with the LL approximation (2.32),
(v0FS)
NTP
ea ≈ 90 km s−1
[
log
(
y2f 2a
2m2
eτ
)]−1(
1/3
eQ
)2(
fa
1013GeV
)(
1GeV
mea
)
×
( meτ
100GeV
)1/2(110GeV
m eB
)(
3.91
g∗S(τeτR)
)1/3(
g∗(τeτR)
3.36
)1/4
. (3.19)
¶For a treatment of the phase space distribution beyond the sudden decay approximation, see [149].
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Figure 3.2: Contours of the present free–streaming velocity of axinos from stau NLSP decays,
(v0FS)
NTP
ea , for m eB = 1.1meτ , fa = 10
13GeV, |eQ| = 1/3 and y = 1. For the case in which Ωdm
is provided by ΩNTP
ea , the conservative limit (0.03 km/s) and the most restrictive limit (0.005 km/s)
listed in Table 3.1 disfavour the regions to the left of the respective purple lines. The stau NLSP
yield (3.10) satisfies ΩNTP
ea = Ωdm by construction everywhere in the shown parameter space. The grey
band indicates the region with ΩNTP
ea = Ωdm for the yield (3.8) with κ = 0.7 or 1.4.
While a related estimate was given in [148], (3.19) illustrates explicitly and thus more
clearly the dependence on the logarithmic factor and on eQ.
Although axinos produced in primordial stau NLSP decays have a non–thermal
distribution, (v0FS)
NTP
ea can be confronted with the limits inferred from WDM studies
such as the ones compiled in Table 3.1. This approach is motivated by the results
of [137] which show that velocity limits derived with (3.11) from mWDM limits can, to
a reasonable extent, also be applied to the case with a monochromatic spectrum.
Figure 3.2 shows contours of the present free–streaming velocity of axinos from stau
NLSP decays (v0FS)
NTP
ea for m eB = 1.1meτ , fa = 10
13GeV, |eQ| = 1/3 and y = 1. The
grey band indicates the region in which the axino density ΩNTP
ea agrees with the present
dark matter density Ωdm when using the thermal relic stau yield (3.8) with κ = 0.7
or 1.4, where the latter accounts for potential stau–slepton coannihilation. Scenarios
within this band respect (v0FS)
NTP
ea < 0.01 km/s (corresponding to mWDM > 2 keV)
and the most restrictive Lyman–α forest constraint, (vrms,0FS )
NTP
ea . 0.005 km/s, starts
to disfavour some of that region only for meτ & 3TeV. For Ω
NTP
ea = Ωdm, as obtained
with the stau NLSP yield (3.10), the regions to the left of the purple lines labelled with
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0.03 km/s and 0.005 km/s are disfavoured by the respective limits (3.14) and (3.15)
taken from Table 3.1.
As is evident from (3.19), the velocity contours are sensitive to eQ and fa. An
increase in the charge of the heavy (s)quarks to |eQ| = 1 reduces the velocities by one
order of magnitude while an increase in fa by an order of magnitude shifts the contours
in the opposite way by the same amount. Thus, the constraints on non–thermally
produced axino dark matter from the study of WDM cosmologies and effects of the
associated matter power spectrum become less restrictive for higher eQ and lower fa
values.
3.3 Constraints from Primordial Nucleosynthesis
Standard BBN has proven to be a great tool for probing the early universe, making
predictions of the abundances of primordial light elements as functions of only the
baryon–to–photon ratio η. From analyses of the CMB anisotropies, the value of η can be
extracted and it has shown these predictions to be in good agreement with observations.
However, when dealing with particle physics scenarios that are beyond the standard
model, non–standard processes may spoil this success. In the scenario studied in this
thesis, long–lived stau NLSPs can generate energetic particles when they decay, that
could scatter off and/or dissociate the background nuclei. The charged staus can also
catalyse certain processes which can lead to enhanced production of some primordial
light elements. Depending on the size of these reaction rates and/or the amount of
energy injected, the predictions of SBBN can change substantially. The mechanisms of
these effects are explained in more detail in Secs. 1.2.3 and 1.2.4.
First, the effects of catalysed BBN are considered. At times t > 103s, the presence
of negatively–charged τ˜−R sleptons can allow for catalysed primordial
6Li and 9Be pro-
duction via the formation of (4Heτ˜−R ) and (
8Beτ˜−R ) bound states (see Sec. 1.2.3).
‖ The
catalysis occurs via the processes given by (1.59) and (1.62). Observationally–inferred
limits on the primordial abundances of both 6Li and 9Be can thus be used to extract
τeτ–dependent upper bounds on Yeτ . In this study, those bounds are adopted directly
from Fig. 5 of [89], relying on observationally–inferred limits on the following primordial
fractions of 6Li [91–93] and 9Be [89]
6Li/H|obs ≤ 10−11−10−10, (3.20)
9Be/H|obs ≤ 2.1× 10−13. (3.21)
Confronting the τeτ–dependent Yeτ bounds with (3.8), the CBBN constraints shown in
Figs. 3.3 and 3.4 are obtained. In Fig. 3.3, these constraints are shown for Yeτ given
‖At t . 103 s when CBBN is not efficient, injection of energy may have a noticeable effect on the
6Li abundance and could even allow for a solution of the 7Li problem that is consistent with 6Li in the
observationally inferred range (3.20) [104,108,150,151].
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Figure 3.3: The lifetime of the τ˜R NLSP, 1/Γ(τ˜R → τa˜) ≈ τeτ in relation to its mass meτ for m2ea/m2eτ ≪
1, m eB = 1.1meτ , |eQ| = 1/3, y = 1, and fa values from 1010 to 1014GeV. For a stau yield Yeτ given
by (3.8) with κ = 0.7, τeτ values to the right of the nearly vertical solid and dash–dotted red lines are
disfavoured by the constraints (3.21) and (3.20) on CBBN of 9Be and 6Li, respectively [89].
by (3.8) with κ = 0.7, m2
ea/m
2
eτ ≪ 1, m eB = 1.1meτ , |eQ| = 1/3 and y = 1, in relation
to the lifetime of the stau τeτ ≈ 1/Γ(τ˜R → τ a˜). The range (3.20) is indicated by pairs
of long–dash–dotted red (6Li) lines and (3.21) by solid black (9Be) lines, where the
regions to the right of those lines are disfavoured by an excess of 6Li and 9Be above the
respective limits. In this way, it can clearly be seen that the observed 6Li abundance
implies that axino dark matter scenarios with τeτ & 4× 103 s are excluded.
Figure 3.4 shows CBBN constraints for fa values from 10
12 up to 1014GeV, consid-
ered for Yeτ given by (3.8) with κ = 0.7, m eB = 1.1meτ , |eQ| = 1/3, and y = 1. Again,
the range (3.20) is indicated by pairs of long–dash–dotted red (6Li) lines and (3.21)
by solid black (9Be) lines, with the regions below the lines indicating areas of 6Li and
9Be overproduction. For Yeτ given by (3.8) with κ = 0.7, Ω
NTP
ea h
2 is within the nomi-
nal 3σ range (3.1) for (mea, meτ ) combinations indicated by the grey band. While meτ
values above this band are disfavoured by ΩNTPa˜ > Ωdm, Ω
NTP
ea is only a minor fraction
(. 1%) of Ωdm for mea . 1 GeV and meτ . 5 TeV, see Fig. 3.1. For fa . 10
12GeV and
m2
ea/m
2
eτ ≪ 1, the meτ values disfavoured by CBBN are already excluded by the limit
meτ & 80 GeV [27] from searches for long–lived staus at LEP. Thus, for fa < 10
12GeV
and meτ & 80GeV, CBBN constraints can only be effective if mea and meτ are degenerate
leading to a significant phase space suppression resulting in τeτ > 10
3 s. For |eQ| = 1,
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Figure 3.4: Cosmological constraints on the masses of the a˜ LSP and the τ˜R NLSP for Yeτ given
by (3.8) with κ = 0.7. The grey band indicates where ΩNTP
ea h
2 lies within the region (3.1). Above
this band, ΩNTP
ea h
2 > 0.126. Because of the CBBN reactions (1.59)–(1.62) becoming efficient, the
regions below the solid black and the dash–dotted red lines are disfavoured by the observationally
inferred limits on primordial 9Be (3.21) and 6Li (3.20), respectively, for fa as indicated, m eB = 1.1meτ ,
|eQ| = 1/3, and y = 1. The shown CBBN constraints thus provide upper limits on fa as a function of
mea and meτ . Focusing on the a˜ LSP case, the region in which mea > meτ is not considered.
the CBBN constraints agree basically with the contours shown in Fig. 3.4 but with fa
values shifted upwards by one order of magnitude.
The CBBN constraints approximately follow contours of constant τeτ . Indeed, for
m2
ea/m
2
eτ ≪ 1, the CBBN constraints also become insensitive to mea. Moreover, for given
fa, mea, and meτ , larger values of τeτ and thereby more restrictive CBBN constraints are
encountered at smaller values of |eQ|, m eB, or y. By decreasing m eB towards meτ , the
CBBN constraints become more restrictive because of both a larger τeτ and a yield Yeτ
that is enhanced by stau–bino coannihilation. However, the effect is dominated by the
change in τeτ due to the relatively mild impact of Yeτ on the CBBN processes in the
relevant region, see Fig. 5 of [89].
It must be stressed that each set of CBBN constraints in Fig. 3.4 – such as the 9Be
contours – imposes an upper limit on the PQ scale fa as a function of mea and meτ .
Since those fa limits become only more restrictive for mea → meτ , their mea–independent
values at m2
ea/m
2
eτ ≪ 1 are conservative limits. In the considered a˜ LSP case, those are
relevant for studies and searches of axions even without further knowledge of mea. This
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conservative limit is further explored in Secs. 3.4 and 3.5.
Next the effects of late hadronic energy injection on the BBN constraints, which
start becoming important at τeτ & 100 s, must be considered. As the mesons produced
from the τ leptons emitted in the 2–body decay τ˜R → τ a˜ typically decay too quickly to
interact hadronically, the main contribution to the injection of hadronic energy comes
from the 4–body decay τ˜R → τ a˜qq¯ with the average amount of energy released per
decay characterised by
ǫhad ≡ 1
ΓeτRtot
∫ meτ−mea−mτ
mqq¯
dmqq¯mqq¯
dΓ(τ˜R → τ a˜qq¯)
dmqq¯
. (3.22)
The mesons from this process also decay before they can interact with the background
nuclei. Therefore a cut must be placed on the invariant mass of the produced qq¯ pairs,
mqq¯ > m
cut
qq¯ = 2GeV, so as to consider only those that hadronise into nucleons. This
was already discussed in Sec. 2.3. Note that a more precise calculation of the constraints
would require, in addition to dΓ(τ˜R → τ a˜qq¯)/dmqq¯, a treatment of the fragmentation
of the quarks into hadrons and of the propagation of the resulting hadron spectra when
computing the abundances of primordial light elements, see [99, 109, 151, 152].
Figure 3.5 shows the hadronic energy release as calculated with (3.22) (solid lines)
along with the lifetime contours of the stau (dotted lines). The dependency of ǫhad on
mea is as weak as that of τeτ , until mea is large enough. As fa increases, the average
hadronic energy release decreases, although not as drastically as the increase in the
lifetime. This is due to Γtot ∝ 1/f 2a while the normalisation of ǫhad to Γtot means
that at most, ǫhad ∝ 1/ log2
(
y2f2a
2m2
eτ
)
. The parameter that produces the stronger effect
is the m eB/meτ ratio, which when reduced to ∼ 1, results in a much faster increase
in ǫhad with increasing meτ . This is due to Γ(τ˜R → τ a˜qq¯) ∝ m2eτ while the dominant,
logarithmically–enhanced part of Γ(τ˜R → τ a˜) ∝ meτ m2eB only.
The observationally–inferred primordial abundance of D
D/H|mean = (2.78+0.44−0.38)× 10−5 (severe), (3.23)
D/H|high = (3.98+0.59−0.67)× 10−5 (conservative), (3.24)
can be used to derive τeτ–dependent upper limits (95%) on the quantity ξhad ≡ ǫhadYeτ had
[99]. Then, using ǫhad as calculated in (3.22), this gives the upper limits on the yield of
the staus before they decay
Y maxeτ had = ξ
max
had /ǫhad . (3.25)
Figures 3.6 and 3.7 show these upper limits as functions of meτ and mea as obtained
from the severe (3.23) and conservative (3.24) limits, respectively. The darker shadings
represent the stronger constraints with the contours shown ranging from 10−9, to 2 ×
10−13 for the smallest Y max
eτ had (lower right panel in Fig. 3.6). The progression of the panels
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Figure 3.5: Hadronic energy release ǫhad from the 4–body decay τ˜R → τa˜qq¯ (solid lines) and lifetime
contours of τ˜R (dashed lines). Starting from the top left panel and going row by row, the parameters
are fa = 10
12GeV, m eB = 1.1meτ ; fa = 3 × 1012GeV, m eB = 1.1meτ ; fa = 1013GeV, m eB = 1.1meτ ;
and fa = 10
13GeV, m eB = 1.01meτ . In all the panels, |eQ| = 1/3 and y = 1.
(left to right, and top to bottom) follows combinations of parameters where increasingly
tighter constraints are imposed by the hadronic energy injection. Varying m eB/meτ to an
almost degenerate ratio of 1.01 results in the tightest limits on the yield Y max
eτ had shown.
Now by confronting the maximum yield with that of the thermal relic of the staus Yeτ
(3.8), limits in themeτ andmea plane can be placed, as illustrated in Fig. 3.8. The regions
enclosed by the blue short–dash–dotted lines are excluded by the conservative/severe
hadronic D constraints, as labelled. The region with ΩNTP
ea ∈ Ω3σdm is indicated by the
grey band, where the region above that band is the one excluded by (3.9). The dotted
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Figure 3.6: Upper limits on the yield of τ˜ before their decay, obtained with the severe limits on
late hadronic energy injection (3.23). The contour shading darkens with stronger limits. Again,
starting from the top left panel and going row by row, the parameters fa = 10
12GeV, m eB = 1.1meτ ;
fa = 3 × 1012GeV, m eB = 1.1meτ ; fa = 1013GeV, m eB = 1.1meτ ; and fa = 1013GeV, m eB = 1.01meτ .
In all panels, |eQ| = 1/3 and y = 1.
lines are contours of τeτ = 10
2, 5× 103, and 105 s.
Again, the parameters are chosen such that the constraints shown in the panels
become progressively more limiting. For the generic case of m eB = 1.1meτ and a yield
characterised by κ = 0.7, both the severe and conservative hadronic BBN limits vanish
for fa = 10
13GeV. For a larger stau relic yield given by κ = 1.4, accounting for
possible stau–slepton coannihilation, more severe constraints are obtained, excluding
stau masses between 300 and 900 GeV for mea . 200GeV. Decreasing m eB has the same
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Figure 3.7: The same as Fig. 3.6 but using the conservative limits on late hadronic energy injection
(3.24).
effect in excluding larger regions of parameter space, due to the increase in ǫhad, as
illustrated in Fig. 3.5. Here (lower left panel of Fig. 3.8), the conservative constraints
appear for the first time. Taking the extreme case of having simultaneous bino–stau–
slepton coannihilation and therefore κ = 2.0 results in the most restrictive case shown
in the figure (lower right panel). There the severe D limit disfavours almost the entire
parameter space for lifetimes 102 s . τeτ . 10
5 s.
Also shown in Fig. 3.8 are the CBBN constraints associated with (3.20) (long-dash-
dotted red lines) and (3.21) (solid black lines), where the regions below the lines are
excluded due to overproduction of the respective nuclei. Where the hadronic BBN
constraints are present, they provide additional constraints to the corresponding ones
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Figure 3.8: Cosmological constraints on the masses of the axino LSP and stau NLSP for fa =
1013GeV and Yeτ given by (3.8). Starting from the top left panel and going row by row, the parameters
arem eB = 1.1meτ , κ = 0.7; m eB = 1.1meτ , κ = 1.4; m eB = 1.01meτ , κ = 1.4; and m eB = 1.01meτ , κ = 2.0.
In all panels, |eQ| = 1/3 and y = 1. The CBBN constraints from 6Li and 9Be abundances exclude
the regions below the long–dash–dotted red and the solid black lines. Hadronic BBN constraints
from D exclude the regions enclosed by the respective short–dash–dotted blue lines. Contours of
τeτ = 10
2, 5 × 103 and 105 s are shown by the dotted lines. On (above) the grey band, ΩNTP
ea ∈ Ω3σdm
(ΩNTP
ea h
2 > 0.126).
from CBBN. However, the hadronic BBN constraints are not always there. In this
case the CBBN constraints would give the exclusion limits on meτ and mea. The next
section shows this more explicitly and also shows that the limits from CBBN remain
until fa . 10
12GeV for meτ & 80GeV.
For τeτ & 10
4 s, the injection of energy from electromagnetic decays of the staus must
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be taken into account. The derivation of the electromagnetic BBN constraints proceeds
as outlined for the hadronic constraints but relies on a conservative estimate of ǫem.
The electromagnetic energy release is governed by the tau emitted in the 2–body decay
with an energy
Eτ =
m2
eτ −m2ea +m2τ
2meτ
, (3.26)
in the rest frame of the τ˜R. As each τ decays into at least one ν, which does not interact
electromagnetically, only a fraction of Eτ contributes to the total electromagnetic energy
injection [139, 153]. The conservative estimate
ǫem = 0.3Eτ = 0.3
m2
eτ −m2ea +m2τ
2meτ
, (3.27)
is used to avoid that the electromagnetic BBN constraints presented are overly restric-
tive.
Upper limits on
ξem ≡ ǫem Yeτ , (3.28)
are then relied on to derive constraints on Yeτ . Accordingly, the D
sev
em and
3He/D con-
straints from the respective limits given in Fig. 42 of [99] and the Dconsem constraint from
the respective limit given in Fig. 6 of [91] are obtained. However, these limits are typi-
cally much weaker than the ones from bound–state formation of long–lived stau NLSPs
and are absent altogether from the scenarios depicted in Fig. 3.8.
Figure 3.9 shows the mass bounds for the non–standard production scenario where
ΩNTP
ea = Ωdm is satisfied everywhere in the shown parameter space by the stau yield
(3.10). As in Fig. 3.8, the long–dash–dotted red and the solid black lines disfavour the
regions below the lines due to overabundances of 6Li and 9Be, respectively. Conser-
vative and severe hadronic BBN constraints from D exclude the regions enclosed by
the respective short–dash–dotted blue lines, as labelled. Contours of τeτ = 10
2, 5× 103
and 105 s are shown by the dotted lines. Additionally, the constraints from electromag-
netic energy injection associated with D given in (3.23) and (3.24) are shown by the
dashed blue lines, excluding all regions enclosed by them while those associated with
3He/D [99] disfavour the regions enclosed by the double–dash–dotted green lines. It
can be explicitly seen in this figure that these constraints only show up in the regions
well within those already excluded by the CBBN constraints and are absent altogether
for fa < 3× 1012GeV.
Note that the grey band in this case indicates where the stau yield (3.10), required
for the axinos to make up the entire dark matter density, coincides with that of the stau
thermal relic yield (3.8). In each panel, a range spanning over two possible values of κ
is used in (3.8) in order to take into account any possible coannihilating processes. The
62 CHAPTER 3. COSMOLOGICAL CONSTRAINTS
ma˜[GeV]
m
τ˜
[T
eV
]
ma˜[GeV]
m
τ˜
[T
eV
]
1 10 100 1 10 100 1000
0.1
0.2
0.5
1
2
5
0.1
0.2
0.5
1
2
5
a˜
no
t
L
SP
fa = 10
12 GeV
|eQ| = 1/3
mB˜ = 1.1mτ˜
Dsevhad
Dconshad
6Li
9Be
c
104 s
103 s
102 s
0.03
k
m
/s
0.005
k
m
/s
a˜
no
t
L
SP
fa = 3× 1012 GeV
|eQ| = 1/3
mB˜ = 1.1mτ˜
Dsevhad
Dconshad
Dsevem
Dconsem
3He/D
6Li
9Be
c
104 s
103 s
102 s
0.03
k
m
/s
0.005
k
m
/s
a˜
no
t
L
SP
fa = 10
13 GeV
|eQ| = 1/3
mB˜ = 1.1mτ˜
Dsevhad
Dconshad
Dsevem
Dconsem
3He/D
6Li
9Be
c
104 s
103 s
102 s
0.03
k
m
/s
0.005
k
m
/s
a˜
no
t
L
SP
fa = 10
13 GeV
|eQ| = 1/3
mB˜ = 1.01mτ˜
Dsevhad
Dconshad
Dsevem
Dconsem
3He/D
6Li
9Be
c
104 s
103 s
102 s
0.03
k
m
/s
0.005
k
m
/s
Figure 3.9: Cosmological constraints on the masses of the axino LSP and stau NLSP in the non–
standard production scenario. Starting from the top left panel and going row by row, the parameters
are fa = 10
12GeV, m eB = 1.1meτ ; fa = 3 × 1012GeV, m eB = 1.1meτ ; fa = 1013GeV, m eB = 1.1meτ ;
and fa = 10
12GeV, m eB = 1.01meτ . In all panels, |eQ| = 1/3 and y = 1. The CBBN constraints from
6Li and 9Be abundances exclude the regions below the long–dash–dotted red and the solid black lines.
Hadronic (electromagnetic) BBN constraints from D exclude the regions enclosed by the respective
short–dash–dotted blue (dashed blue) lines. Electromagnetic BBN constraints from 3He/D exclude re-
gions enclosed by the double–dash–dotted green lines. The constraints from free–streaming velocity dis-
favour the regions to the left of the purple lines, denoting the conservative limit (v0FS)
NTP
ea . 0.03 km/s
and the most restrictive limit (v0FS)
NTP
ea . 0.005 km/s. Contours of τeτ = 10
2, 5 × 103 and 105 s are
shown by the dotted lines. The stau NLSP yield (3.10) satisfies ΩNTP
ea = Ωdm by construction every-
where in the shown parameter space. On (above) the grey band, ΩNTP
ea ∈ Ω3σdm (ΩNTPea h2 > 0.126) for
the yield given by (3.8), using the appropriate values for κ.
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first three panels use the values κ = 0.7 (for no coannihilation) and also κ = 1.4 (for a
possible stau–slepton coannihilation) while the last panel (lower right) uses κ = 1.4 (for
stau–bino coannihilation) and κ = 2.0 (to also take into account possible simultaneous
stau–bino–slepton coannihilation).
Clearly, there are more severe constraints below the grey bands in this case compared
to the constraints in Fig. 3.8, with both the severe and the conservative hadronic BBN
constraints already showing up at fa = 10
12GeV and excluding far larger areas of
parameter space in the panels for fa = 10
13GeV. This is due to the rather large
yields that must be assumed for small mea in this region to fulfil Ωdm = Ω
NTP
ea . It is
interesting to note the rather different behaviour of both the CBBN and hadronic BBN
constraints as compared to scenarios relying on the thermal relic values of Yeτ given in
(3.8). There is a greater dependency on the axino mass in the non–standard production
scenario, leading to CBBN constraints that deviate from the approximate τeτ = 5×103 s
constraint derived in the other case. This can be seen to come about from the extra
mea dependency that enters in (3.9).
Also indicated in the figure are the conservative and most restrictive free–streaming
velocity limits discussed in Sec. 3.2 and given by (3.14) and (3.15), respectively. The
regions to the left of the respective limits, shown by the purple lines, are disfavoured
due to too much suppression of small–scale structure. For τeτ > 100 s, only the most
restrictive constraint, which places a limit of (v0FS)
NTP
ea . 0.005 km/s, adds to those from
CBBN and hadronic BBN to further tighten the constraints on the parameter space.
For τeτ < 100 s, both the conservative and restrictive constraints significantly reduce the
parameter space.
Let us comment on the potential interplay between late energy injection and CBBN.
The CBBN limits adopted from [89] have been derived for an abundance of D obtained
with standard BBN. For an increased D abundance from hadrodissociation of 4He,
CBBN of 6Li and 9Be becomes more efficient. This is evident for 6Li since its catalysis
proceeds via (4He τ˜−R ) + D → 6Li + τ˜−R [87] and since the primordial abundance of D
stays significantly below the one of 4He at the relevant times (even for a maximum of
observationally tolerable hadrodissociation of 4He), see Fig. 2.4 in [154]. An increased
output of 9Be results from the final step of its catalysis, (8Be τ˜−R )+n → 9Be+τ˜−R [88,89],
which becomes more efficient since an enhanced abundance of D increases the number
of neutrons n at the relevant times [81], see Fig. 4 in [89]. Moreover, the debris of
hadrodissociated 4He can hit ambient 4He and thereby fuse additional 6Li [99,104,105].
The interplay of late energy injection and CBBN will thus lead to constraints that
can only be stronger than the ones presented in this thesis. Aiming at conservative
limits allows those intricacies to be neglected, but they will have to be faced in future
refinements of the presented constraints.
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Figure 3.10: BBN constraints on the PQ scale fa, shown for (a)m eB = 1.1meτ , Yeτ given by (3.8)) with
κ = 0.7 and (b)m eB = 1.01meτ , Yeτ given by (3.8) with κ = 2.0. In both panels,m
2
ea/m
2
eτ ≪ 1, |eQ| = 1/3,
and y = 1. The hadronic BBN constraints associated with (3.23) and (3.24) disfavour the regions in
the upper right–hand corner enclosed by the respective short–dash–dotted blue lines. Electromagnetic
BBN constraints associated with D disfavour the upper regions enclosed by the respective dashed
blue lines and the ones associated with 3He/D the region above the double–dash–dotted green line.
The regions above the long–dash–dotted red and the solid black lines are disfavoured by the CBBN
constraints associated with (3.20) and (3.21). Contours of τeτ = 10
2, 104, and 106 s are shown by the
dotted lines.
3.4 BBN Constraints on the PQ Scale
The above CBBN constraints and BBN constraints associated with hadronic and elec-
tromagnetic energy release are combined to derive upper limits on the PQ scale fa as
functions of the stau mass meτ . In agreement with the results of the previous section, it
is found that the hadronic BBN limits can be substantially more restrictive than those
imposed by the CBBN constraints.
Figure 3.10 presents the fa limits for m
2
ea/m
2
eτ ≪ 1, |eQ| = 1/3, and y = 1. Panel (a)
shows the generic case ofm eB = 1.1meτ and Yeτ given by (3.8) with κ = 0.7 while panel (b)
shows the case with m eB = 1.01meτ and κ = 2.0 where there occurs simultaneous stau–
slepton–bino coannihilation. Contours of τeτ = 10
2, 104, and 106 s are shown by the
dotted lines. Above the long–dash–dotted red and the black solid lines, CBBN of 6Li
and 9Be are in excess of the respective limits (3.20) and (3.21). The hadronic BBN
constraints associated with (3.23) and (3.24) disfavour the regions in the upper right–
hand corner enclosed by the respective short–dash–dotted blue lines. Note that those
constraints are only provided for τeτ ≥ 100 s since the typically milder limits associated
with proton–neutron interconversion processes [100], which become relevant for smaller
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τeτ [99, 105, 109], are not considered. Nevertheless, the hadronic BBN constraints place
limits on the PQ scale fa that become clearly more restrictive than the CBBN–induced
limits towards large meτ and/or large Yeτ . In fact, the hadronic BBN constraint on fa can
already be dominant in the mass range that is promising for a discovery of a long–lived
stau at the LHC, meτ < 1 TeV.
The electromagnetic BBN constraints imposed by primordial D, whose primordial
abundance is given in (3.23) and (3.24), are shown by the dashed blue lines. The
constraints associated with 3He/D [99] are indicated by the double-dash-dotted green
lines, where the regions above these lines are excluded. The figure shows that the
electromagnetic BBN constraints appear only for ττ˜ > 10
4 s thereby excluding regions
already disfavoured by CBBN. Nevertheless, they support the finding that values of
the PQ scale at the scale of grand unification, fa ∼ 1016GeV, will be in conflict with
successful BBN in the considered scenarios once a long–lived charged slepton is observed
at the LHC.
Let us briefly discuss the robustness of the shown fa limits and address important
sensitivities. By considering m2
ea/m
2
eτ ≪ 1, the CBBN–imposed fa limits are conservative
limits. Those constraints become more restrictive for mea → meτ . This is different for
constraints associated with late energy injection, where any bound can be evaded for
a finely tuned mea–meτ degeneracy leading to ǫhad/em → 0. The fa limits are sensitive
to Yeτ and in settings with a sizeable left–right stau mixing, an exceptionally small Yeτ
is possible such that even the CBBN constraints may be respected [155, 156]. The fa
limits depend on the quantum numbers of the heavy KSVZ fields. While ǫhad/em are
independent of eQ, τeτ ∝ 1/e4Q. The fa limits can thus be relaxed, e.g. by one order of
magnitude for |eQ| = 1. The CBBN and hadronic BBN constraints in the case of the
e˜R or µ˜R NLSP are identical to the ones shown. The electromagnetic BBN constraints
however will be more restrictive in the e˜R NLSP case since all of the electron energy Ee
released in the e˜R NLSP decay will contribute, i.e. ǫem = Ee.
3.5 Limits on the Reheating Temperature
In this section the limits that can be derived on the reheating temperature TR are
studied. In Sec. 3.1, it was shown in (3.5) that the relic density of thermally pro-
duced axinos ΩTP
ea is sensitive to the post–inflationary reheating temperature TR and
the Peccei–Quinn scale fa, providing a way through which these two parameters can be
probed.
As a first step, an upper limit on ΩTP
ea can be placed by requiring Ω
TP
ea ≤ Ωdm. This
places upper limits on TR [118, 125, 126, 130, 131]. These TR limits – which depend
on the axino mass mea and on the PQ scale fa – can be very restrictive for models of
inflation and of baryogenesis. For example, TR . 10
6GeV is found for fa = 10
11 GeV
and ma˜ = 100 keV [125]. The scenario Ω
NTP
ea +Ωa ≪ Ωdm is considered in this section,
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Figure 3.11: Upper limits on the reheating temperature TR as a function of the axino mass mea
in scenarios with axino cold dark matter for fa = 10
11, 1012, 1013, and 1014GeV (as labelled). For
(ma˜, TR) combinations within the grey bands, the thermally produced axino density Ω
TP
ea h
2 is within
the nominal 3σ range (3.1). For given fa, the region above the associated band is disfavoured by
ΩTPa˜ h
2 > 0.126.
with (3.5) constrained by (3.2). For mea . 1 GeV, the TR limits shown in Fig. 3.11 will
shift only marginally by taking ΩNTP
ea into account, see Fig. 3.1.
As discussed in Sec. 3.1, the temperature T eaf at which axinos decouple from the
thermal plasma in the early universe can be very high. Accordingly, axinos decouple
as a relativistic species in scenarios with TR > T
ea
f . The resulting relic density, given by
(3.3), is then insensitive to the precise value of TR. Thus, in this section, scenarios with
TR < T
ea
f where the axino dark matter can be efficiently produced via thermal scattering
processes of particles that are in thermal equilibrium [124–127] are considered. For ease
of reference, the relic density of the thermally produced axinos (3.5) [125] is reprinted
here from Sec. 3.1
ΩTP
ea h
2 ≃ 5.5 g6s (TR) log
(
1.211
gs(TR)
)(
1011GeV
fa
)2(
ma˜
0.1 MeV
)(
TR
107GeV
)
. (3.29)
In Fig. 3.11, (ma˜, TR) regions in which the thermally produced axino density (3.29)
is within the nominal 3σ range (3.1) are indicated for fa values between 10
11GeV and
1014GeV by grey bands (as labelled). For given values of ma˜ and fa, TR values above
the corresponding band are disfavoured by ΩTPa˜ > Ωdm, see also [118,125,126,130,131].
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Figure 3.12: Upper limits on the reheating temperature TR imposed by Ω
TP
ea h
2 ≤ 0.126 and by the
CBBN limit on fa given by the upper solid black line (
9Be) in Fig. 3.4, i.e. for m eB = 1.1meτ , Yeτ given
by (3.8) with κ = 0.7, |eQ| = 1/3 and y = 1.
From (3.29) and Fig. 3.11, it can be seen that the viability of temperatures above
109GeV points to fa > 3× 1012GeV if one insists that cold axino dark matter, mea &
100 keV, provides the dominant component of Ωdm. Those fa values and mea . 1 GeV
are thereby favoured by the viability of standard thermal leptogenesis with hierarchical
right–handed neutrinos [157–161].
However, the preceding sections have shown restrictive constraints on fa originating
from CBBN effects. Thereby, more severe limits on TR would come from these CBBN
constraints. Figure 3.12 presents upper limits on TR as imposed by Ω
TP
ea h
2 ≤ 0.126 and
by the 9Be CBBN limit on fa given in Fig. 3.4, i.e. for |eQ| = 1/3,m eB = 1.1meτ , Yeτ given
by (3.8) with κ = 0.7, and y = 1. By considering mea ≤ 1GeV, the condition ΩNTPea ≪
Ωdm is fulfilled. The shown limits range from T
max
R = 10
5GeV up to 1010GeV (as
labelled). Once meτ is determined at colliders, this figure allows (mea, TR) combinations
that are disfavoured by CBBN and Ωdm to be inferred. The
6Li CBBN limits on fa are
in close vicinity to the 9Be limit, as can be seen in Fig. 3.4. Thus, the associated TmaxR
lines are not shown since they agree basically with the ones shown in Fig. 3.12. For
|eQ| = 1, TmaxR becomes less restrictive by almost exactly two orders of magnitude. For
example, the TmaxR = 10
9GeV line for |eQ| = 1 is in close vicinity to the TmaxR = 107GeV
line in Fig. 3.12.
The obtained upper limits on fa and TR are conservative ones. BBN constraints
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from hadronic energy emitted in 4–body decays τ˜R → τ a˜qq¯ can become relevant for
τeτ & 100 s. Fig. 3.10 shows how these hadronic BBN constraints – imposed mainly
by observationally inferred limits on primordial deuterium – result in more restrictive
fa limits than obtained from CBBN alone, and thereby T
max
R values that are more
restrictive than the ones in Fig. 3.12. The hadronic constraints are shown to start
becoming more restrictive for meτ & 500GeV and fa & 10
13GeV. Effects of late energy
injection on 6Li from CBBN have been included in the gravitino LSP case, e.g. in
[93, 95, 108, 162], where the resulting constraints differ only marginally from the ones
obtained without taking this effect into account [89, 96, 163]. A similar outcome is
expected for the a˜ LSP case.
The limits on fa and TR that are presented in Figs. 3.4 and 3.12, respectively, do
not rely on a measurement of τeτ . They result from upper limits τ
max
eτ imposed by the
CBBN constraints,
τeτ ≤ τmaxeτ < 104 s, (3.30)
which show only a very mild dependence on meτ for typical yields such as (3.8) with
κ = 0.7, see Fig. 3.3. In fact, based on (3.30), it is possible to derive analytic expressions
for the upper limits on fa and TR in a conservative way.
Aiming at an instructive derivation, the LL part of the stau lifetime (2.32) is used
τeτ ≈ τeτ LL ≡ Γ(τ˜R → τ a˜)−1LL (3.31)
&
512π5c8W
81α4e4Q
f 2a
meτ m2eB
[
log
(
y2f 2a
2m2
eτ
)]−2
(3.32)
& 3.78× 103 s
(
1/3
eQ
)4(
fa
1012GeV
)2(
100GeV
meτ
)(
100GeV
m eB
)2
, (3.33)
where (3.32) underestimates τeτ LL by at most 2% (15%) formea . 0.1meτ (mea . 0.25meτ ).
Focusing on the collider–friendly region meτ . 1 TeV, fa . 3× 1013GeV is imposed by
CBBN for |eQ| = 1/3 and y = 1. Based on this and on the LEP bound meτ & 80 GeV,
log(y2f 2a/2m
2
eτ ) . 52.6 is used to get from (3.32) to (3.33). Accordingly, τeτ LL can be
underestimated by (3.33) by a factor of O(1) at fa ≪ 3× 1013GeV and/or 80 GeV≪
meτ . 1 TeV. Nevertheless, (3.33) allows the constraint (3.30) to be translated in a
conservative way into the following upper limit:
fa . 1.63× 1012GeV
(
eQ
1/3
)2(
τmax
eτ
104 s
)1/2( meτ
100GeV
)1/2( m eB
100GeV
)
≡ fmaxa . (3.34)
A comparison with the numerically obtained 9Be limits at m2
ea/m
2
eτ ≪ 1 shows a good
overall agreement for τmax
eτ ≈ 5 × 103 s. The associated analytical expression however
is less restrictive (i.e. more conservative) than the numerically obtained limits towards
larger meτ . In fact, there the actual τ
max
eτ value imposed by CBBN becomes more re-
strictive as can be seen in Fig. 3.3.
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Turning to TR, a conservative limit can be imposed on it
TR . 1.7× 106GeV
(
Ωdmh
2
0.1
)(
fa
1011GeV
)2(
0.1MeV
mea
)
, (3.35)
by
Ωdmh
2 ≥ ΩTP
ea h
2
& 0.6
(
1011GeV
fa
)2(
mea
0.1 MeV
)(
TR
107GeV
)
. (3.36)
Here the constant “conservative” prefactor 0.6 accounts for the TR–dependent prefac-
tor in (3.5), which stays in the range 0.6 < 5.5 g6s (TR) log[1.211/gs(TR)] < 1.06 for
104GeV ≤ TR ≤ 1012GeV if the MSSM 1–loop renormalisation group running of gs
is considered. Using the upper limit (3.34) in (3.35), one arrives immediately at an
analytic expression for the CBBN–imposed limit,
TR . 4.4× 108GeV
(
eQ
1/3
)4(
Ωdmh
2
0.1
)(
0.1MeV
mea
)
×
(
τmax
eτ
104 s
)( meτ
100GeV
)( m eB
100GeV
)2
≡ TmaxR , (3.37)
which is conservative. For τmax
eτ ≈ 5×103 s, a good overall agreement is again found with
the limits obtained numerically. However, as expected from its derivation, the associ-
ated analytic expression can be by a factor of O(1) less restrictive than the numerical
results shown in Fig. 3.12.
Since τeτ depends on the ratio fa/e
2
Q, the limits (3.34) and (3.37) depend on eQ and
thus on the specific axion model. It would therefore be particularly valuable to discover
the axion and its mass since the relation between ma and fa does not depend on eQ,
see (1.21). If fa can thus be determined, T
max
R would be given by (3.35) directly. In
addition, eQ could be found in a τeτ measurement or a lower limit on it derived from the
CBBN constraints (3.30).
In this respect, it is noted that most axion searches probe the axion–photon–coupling
gaγγ = αCaγγ/(2πfa) in certain ranges of the axion mass ma, see [50] and references
therein. In the models considered, Caγγ is given by (1.34)) so that gaγγ does also depend
on fa and eQ [164]. An axion discovery at an (ma, gaγγ) combination would thus be
associated with an (fa, eQ) combination in the considered models. The eQ value from
axion searches could then be compared to the one inferred from a τeτ measurement at
colliders or, if this is not possible, to its lower limit imposed by CBBN.
The region in which the presented BBN constraints are expected to become relevant
is explored by the ADMX experiment which searches for resonant conversion of dark
matter axions into photons in a microwave cavity. Axion searches of this type are
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sensitive to gaγγ only in the combination g
2
aγγρa, where ρa denotes the local halo density
of axions. If axinos provide the dominant component of cold dark matter, ρa can be very
small so that no signals will appear at the expected gaγγ values. An axion signal in such
a direct search would in turn imply a sizeable axion density, Ωa ∼ Ωdm, and thereby
a restrictive TR limit in the considered mea range, mea & 0.1 MeV, given by (3.35) or
(3.37) with Ωdm → Ωdm − Ωa. Alternatively, evidence for solar axions could appear in
the Tokyo Axion Helioscope or CAST. This would imply Ωa ≪ Ωdm, fa . 109GeV and
thus TR ≪ 106GeV in the considered axino cold dark matter scenarios, see (3.35) with
mea & 0.1 MeV. Here the CBBN constraints will be relevant only in the exceptional
cases with eQ → 0 and/or mea → meτ .
Chapter 4
Axinos at Colliders
Although cosmological considerations such as BBN can significantly constrain the pa-
rameter space of the hadronic axion model, in order to investigate and determine the
properties of axinos, or indeed, discover them, one must look towards laboratory exper-
iments. Due to the axino’s highly suppressed interactions, its production cross sections
at various colliders are very small. Instead, one would look for the NLSPs, the staus,
either from direct pair production or cascade decays of heavier sparticles. A first hint
towards axino dark matter would come from the appearance of quasi-stable staus at
the Tevatron or future colliders. Collider studies of CHAMPs, a category to which the
staus belong, can be found for example in [165–170].
The most straightforward property of the stau to determine would be its mass meτ ,
which can be measured using time-of-flight (TOF) data from the muon chambers. At
the LHC, it is estimated that this can be done to < 1% accuracy [171, 172]. In order
to measure other properties, such as the stau lifetime τeτ and the axino mass mea, it is
important to be able to study the stau decays. The approach that should be taken
to analyse these decays depends on τeτ . If the lifetime is very short such that the
decay length cτeτ ≪ O(cm) then the staus would effectively decay immediately after
production. This decay length corresponds to τeτ ≪ 10−10 s. For the axino model
considered in this paper, a stau with such a short lifetime can only be achieved with
a very low fa and a very heavy stau, as well as eQ larger than what has so far been
considered here. For example, with the lowest fa value allowed (see Sec. 1.1.2), fa ≈
109GeV, one would need meτ & 2TeV, along with mea = 10GeV, m eB/meτ = 2, y = 1
and |eQ| = 1, to obtain τeτ ≈ 6 × 10−9 s. This very high stau mass is out of the reach
of current and near future colliders. If one considers a stau mass that is more likely
to be probed at colliders, meτ = 300GeV while keeping fa ≈ 109GeV, along with the
selection of m eB/meτ = 1.1, y = 1 and |eQ| = 1/3 as in Chapter 3, one obtains a lifetime
of τeτ ≈ 3× 10−4 s.
If the lifetime is such that the decay length is O(cm) . cτeτ . L, where L is
the size of the detector, then the staus will decay with a displaced vertex within the
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beam pipe or the detectors. For a decay length cτeτ & L, there would be no in–flight
decays and most of the staus would escape the detector. In fact, the last two scenarios
are not necessarily so well separated. In [173, 174] it has been shown that even with
τeτ ∼ 10−(3−5)s (corresponding to decay lengths well over L), a substantial number
of decays can be observed within the detectors. For the scenario where most of the
staus would escape the detector, it is possible to study the decays of the staus by
placing a heavy material stopper–detector around the main detector [175,176]. Through
large ionisation losses, many staus can be trapped inside the material and their decays
studied. The surrounding rock can also be used in this manner. For very long lifetimes,
there was a suggestion to place a water tank around the detector to trap the staus,
such that the water can be moved to a different location at a later date for further
analyses [175]. Note that this method is not limited to staus with long lifetimes, and
indeed can also be used to study staus with very short lifetimes but highly boosted
momenta.
The focus in this thesis is placed on the third scenario with the decay length cτeτ & L,
but without the inclusion of additional stopping detectors. Instead the fraction of staus
that are produced with small values of βγ such that they lose enough kinetic energy
through ionisation to be stopped within the detectors are studied. In principle, the
following discussion can be applied to either the LHC or future linear colliders. A
linear collider has the advantage of being able to fine–tune the centre of mass energy
such that the number of staus stopped in the detectors can be maximised. However,
depending on the particle mass spectrum and the lifetime of the stau, it could also be
possible to extract some (s)particles’ properties from LHC phenomenology [177]. The
authors of [177] suggest the possibility of having a trigger for a beam dump should such
a stau be detected to have stopped, so that its subsequent decay can be observed, or
of studying the decays of the staus during beam downtime. Recently there was also a
study [178] on measuring the lifetime of staus trapped in the ATLAS detector at the
LHC. However, in this study, the decays of the staus are only measured during scheduled
shutdown periods and it is thus more suitable for investigating very long–lived staus.
In the next section, the prospects of studying stopped staus at both the LHC and the
ILC are explored. For the LHC part of this work, the approach of [177] is closely followed
for the stau lifetime measurements. In the case of a study at a linear collider, [179] is
used as a basis. For concreteness, four SUSY benchmark points are chosen to illustrate
the arguments. To simplify matters and minimise the number of parameters that have
to be specified, the study is done in the framework of CMSSM, employing the spectrum
calculator SuSpect [180] in micrOMEGAs 2.4 [134, 135] to calculate the mass spectra
and verify that the accelerator constraints are respected for these chosen points. The
relevant parameters are summarised in Table 4.1.
The axino mass remains a free parameter which is chosen to be mea = 10GeV.
Furthermore the following parameters are set to fa = 10
11GeV, y = 1 and |eQ| = 1/3.
The left–right mixing of the lightest stau was kept to a minimum, and all the scenarios
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Scenario M0 M1/2 tan β meτ [GeV] m eB [GeV] me˜R [GeV] κ
A 170 560 30 210.3 232.4 270.1 0.73
B 50 550 8 207.6 226.8 212.4 1.34
C 138 435 25 174.3 177.7 215.6 1.42
D 135 700 6 290.2 292.6 292.8 1.94
Table 4.1: Model points in CMSSM that emulate some of the scenarios explored in Chapter 3. The
mass spectra are produced using micrOMEGAs 2.4 [134,135] and the spectrum calculator SuSpect [180].
The other input parameters are set to A0 = 0, sgn(µ) = 1 and mt = 172.5GeV.
outlined in Table 4.1 have . 35% left–handed component in τ˜1. This can easily be
reduced by fine–tuning the parameters or considering other SUSY scenarios that offer
greater flexibility in choosing parameters. The CMSSM points are chosen such that the
scenarios outlined in Chapter 3 are reproduced. For the purpose of comparison, the
values of κ as defined in (3.8) are also included.
4.1 Collider signatures of Axino DM Scenarios
Using Pythia 6.4 [181] and the cuts 1–4 outlined in [177], events were generated us-
ing LHC–compatible parameters with a centre of mass energy
√
s = 14TeV and an
integrated luminosity L = 10 fb−1. The resulting |~peτ |/meτ spectra are shown in Fig. 4.1.
Following the strategy outlined in [177], only the staus produced with βγ ≤ 0.45 are
considered as trapped in the calorimeter of the detector. The lifetime of the trapped
staus is determined by measuring the time between when the stau is stopped and when
its subsequent decay is detected. In [177], details on the different techniques one would
use for different stau lifetimes can be found. By extrapolating the results of [177] to the
parameter points considered here, the expected statistical precisions of the stau lifetime
determination listed in Table 4.2 are obtained.
Scenario mu˜R mg˜ [GeV] σSUSY [pb] N
stopped
eτ τeτ [s]
A 1127.2 1272.8 0.66 119 5.4± 0.8
B 1097.5 1250.3 0.76 182 5.8± 0.6
C 896.4 1008.3 2.60 522 10.8± 0.7
D 1372.1 1563.6 0.185 58 2.5± 0.5
Table 4.2: Expected number of staus to be stopped in the calorimeter of the detector at the LHC and
the resulting statistical accuracy of the determination of τeτ . These numbers are obtained for centre
of mass energy
√
s = 14TeV and integrated luminosity L = 10 fb−1. Also shown are mg˜ and σSUSY,
which are relevant parameters in the study.
Clearly the statistical accuracy depends on the number of events that can be ob-
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Figure 4.1: | ~peτ |/meτ distribution of the staus corresponding to the CMSSM points in Table 4.1
generated using LHC–compatible parameters with centre of mass energy
√
s = 14TeV and normalised
to the integrated luminosity L = 10 fb−1. The cuts 1–4 outlined in [177] have been applied.
served, and at the LHC, this is very much dictated by the mass spectrum of the SUSY
scenario that is realised. With the conditions assumed for the generation of the above
events, light squarks and gluinos with masses mq˜,g˜ . 1TeV would be preferred for a
statistical accuracy of . 10%. Note that a change in mea is not likely to affect the stau
lifetimes and the associated errors derived above, as long as m2
ea/m
2
eτ ≪ 1. However,
the same is not true for a change in fa, on which the stau lifetime strongly depends
(see (2.14)). After also factoring in systematic and theoretical uncertainties, a precise
measurement of the stau lifetime at the LHC appears very challenging.
A similar analysis can be done for a future linear collider. In [179] it has been pro-
posed that the LDC [182] can be used at the ILC to study the decays of the trapped
staus. The staus produced in the collisions can become trapped either in the hadronic
calorimeter or the yoke. The strategy of [179] is followed closely to determine the sta-
tistical accuracy with which the properties of the stau and/or axino can be determined.
Again using Pythia 6.4 [181], events are generated using ILC–compatible parameters
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Figure 4.2: | ~peτ |/meτ spectra of the CMSSM points in Table 4.1 generated using ILC–compatible
parameters with centre of mass energy
√
s = 600GeV and normalised to the integrated luminosity
L = 250 fb−1. There are contributing processes from e˜Re˜R (green), µ˜Rµ˜R (blue), τ˜1τ˜1 (magenta), χ˜01χ˜01
(cyan), e˜Re˜L (yellow), τ˜1τ˜2 (black) and χ˜
0
1χ˜
0
2 (orange).
with centre of mass energy
√
s = 600GeV and integrated luminosity L = 250 fb−1.
From analyses of the staus trapped in the calorimeter, it is possible to extract the axino
mass using the endpoints of the energy distribution of the tau emitted in the subsequent
2–body decay τ˜R → τ a˜. The measurement of the stau lifetime utilises the staus trapped
in both the calorimeter and the yoke. The kinematics from the direct production of
stau pairs allow for the determination of the stau mass. The |~peτ |/meτ distributions for
the produced staus are illustrated in Fig. 4.2 and a summary of the result is tabulated
in Table 4.3.
For scenario D, the staus are produced with such low momenta that they do not
have enough energy to reach the hadronic calorimeter. One can see in the lower right
plot of Fig. 4.2 that almost all the events are clustered around the |~peτ |/meτ ≈ 0.2− 0.3
region. However, they are energetic enough to travel out of the beam pipe and become
trapped in the inner detectors. For this scenario all the staus produced, 1814, are thus
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Scenario σeτ [fb] N
hcal
eτ N
yoke
eτ meτ [GeV] τeτ [s] mea [GeV]
A 84 508 1362 210.3± 0.2 5.4± 0.2 10± 64
B 190 681 1311 207.6± 0.2 5.8± 0.2 10± 58
C 310 1569 2933 174.3± 0.1 10.8± 0.3 10± 35
D 3.6 0 0 290.2± 0.2 2.5± 0.1 10± 53
Table 4.3: Expected number of staus to be stopped in the detector of a future ILC and the resulting
expected accuracy of the determination of meτ , τeτ and mea for
√
s = 600GeV and integrated luminosity
L = 250 fb−1, as extrapolated from [179].
treated as stopped to derive the respective measurement accuracies.
The effects of the small mass degeneracies between the stau and the sleptons and/or
the lightest neutralino can be seen in the breakdown of the contributing processes to
the production of the staus shown in Fig. 4.2. This can be seen most clearly in the
plot for scenario B, where me˜R/meτ ≈ 1.02. Two of the peaks visible in the plot come
from cascade decays of e˜Re˜R, µ˜Rµ˜R and e˜Re˜L. In addition, a significant fraction of
the staus that are produced in all four plots come from the decays of the lightest
neutralino χ˜01. This indicates that a neutralino that is not too much heavier than the
stau would be preferred for phenomenological studies. Table 4.3 shows that the most
accurate measurement that could be done at the ILC in this framework would be of
the stau mass, where the errors for all four CMSSM points remain below 1%. This can
perhaps be further improved if combined with a mass extraction using TOF data. The
stau lifetime measurements are not as accurate, but greatly improve with increasing
numbers of trapped staus.
Note that these scenarios have not been optimised and it would certainly be favourable
to tune the centre of mass energy
√
s such that the number of trapped staus is max-
imised. The statistical accuracy achieved here is already very promising with the ex-
ception of that obtained for mea. Unfortunately, the smaller the ratio mea/meτ , the less
accurate it becomes to determine the value of mea from the energy distribution of the
τ . A large mea/meτ ratio is therefore favourable for collider measurements of mea.
Measurements of the values of τeτ , meτ , m eB and mea can be used to approximately
constrain the PQ scale fa using the leading log formula given in (2.32)
f 2a
e4Q
log2
(
y2f 2a
2m2
eτ
)
≈
(
τLL
eτ
52 s
)( meτ
100GeV
)( m eB
110GeV
)2(
1− m
2
ea
m2
eτ
)
× (1011GeV)2
[
log
(
1011GeV√
2× 100GeV
)2]−2
. (4.1)
Note that it is not possible to constrain fa alone as it always appears as the ratio e
4
Q/f
2
a
in the prefactor of the decay widths, and as the product yfa in the large logarithm, see
(2.15) and (2.24).
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4.2 Distinguishing between a˜ LSP and G˜ LSP
Should a long–lived charged massive particle be detected at a collider, it is not a given
that its decay products include an axino. Despite being able to accurately determine
the lifetime of the NLSP and its other properties, there can remain ambiguities over
the identities of its non–SM decay products, i.e. the LSP. In particular, the gravitino
can be the LSP in several supersymmetric models, and similarly to the axino it is
very weakly interacting, leading to long lifetimes of the stau NLSP. The gravitino mass
strongly depends on the model and the SUSY breaking mechanism and can thus often
be treated as a free parameter. In gauge–mediated breaking schemes, it is very easy to
obtain a very light gravitino in the eV range [183–185] while gravity–mediated SUSY
breaking schemes give gravitinos typically in the GeV to TeV range [20, 186, 187].
One way in which one can try to distinguish between an axino LSP and a gravitino
LSP is by studying the 3–body decay of the stau τ˜R → τγ + 6E [115, 188, 189]. In
[115, 188], the authors focused on the double differential distribution of the 3–body
decays while in [189] the total 3–body branching ratios was considered in more detail.
First an updated comparison of [115, 188] using the result of the full calculation of
the 2– and 3–body decays of the stau into the axino is presented, which eliminates the
previously unknown ξ factor, as discussed in Chapter 2. The discussion from [115,188]
about the lifetime of the stau remains valid.
Figure 4.3 shows the normalised double differential distributions of the 3–body τ˜R →
τγa˜/G˜ decays as a function of xγ and cos θ, with x
cut
γ = 0.2 and x
cut
θ = 0.134
1
Γ(τ˜R → τ X γ; xcutγ = 0.2, xcutθ = 0.134)
d2Γ(τ˜R → τ X γ)
dxγ dcos θ
, X = a˜, G˜. (4.2)
The darker shadings correspond to higher number of events, with the contours repre-
senting the values 0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0. The first three panels show the
axino LSP case for different values of m eB/meτ while the lower right panel shows the
gravitino LSP case. The chosen values for the parameters are meτ = 100GeV for all the
panels and fa = 10
11GeV and m2
ea/m
2
eτ ≪ 1 for the axino panels.
To varying degrees, all the panels show a preference for producing soft and collinear
photons. The top right panel is the scenario most closely resembling the first of the
two plots illustrated in Fig. 5 of [115]. Here an excess of events for highly energetic
photons produced back–to–back to the staus is seen, in agreement with the result found
in [115], and one now notes how this excess region changes with different stau–bino mass
degeneracy. For m eB ≈ meτ , the excess events cover a larger phase space to also include
photons produced at up to cos θ ≈ 0. As m eB/meτ increases, the excess region shrinks
such that for m eB/meτ = 2.0 (lower left panel) the excess region vanishes altogether.
This is due to the one–loop decay mode being more dominant over the two–loop decay
mode as the B˜ becomes more and more on–shell. In contrast, asm eB/meτ increases in the
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Figure 4.3: The normalised double differential distribution of the 3–body decay τ˜R → τa˜γ. The lower
right panel shows the distribution for τ˜R → τG˜γ, where the lifetime of the stau is similar to the lifetime
of the stau producing the distribution shown in the lower left panel. The contours shown in the plots
represent the values 0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0. The cut parameters are set to xcutγ = 0.2 and
xcutθ = 0.134. The other parameters are set to meτ = 100GeV, fa = 10
11GeV, m2
ea/m
2
eτ ≪ 1, |eQ| = 1/3,
y = 1.
gravitino LSP case, more events are produced in the very hard photon region. It must
be noted however that this increase is very marginal and would require high statistics
to be noticeable. Changes in m eG, while significantly altering the stau lifetime, do not
greatly affect the differential distribution shown in the figure as long as m2
eG
/m2
eτ ≪ 1.
Likewise, increases in the values of fa and meτ cause only very slight increases of the
normalised double differential 3–body decays.
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The lower right panel showing the distribution for the gravitino shows that the larger
the m eB/meτ ratio, the more difficult it becomes to differentiate an axino LSP scenario
from a gravitino LSP scenario. In fact, the parameters for the gravitino case have been
chosen to most closely resemble the axino case to its left to illustrate the most difficult
situation that can be encountered when trying to distinguish between an axino and
a gravitino LSP case. These correspond to m eB/meτ = 2.0 and a gravitino mass that
gives a similar stau lifetime to the one obtained for the stau in the lower left panel.
Looking closely at these lower two distributions, small differences are noted, with the
axino LSP scenario having a larger phase space area in which no events are produced.
However, these differences are small and large statistics and precise measurements would
be needed to rely on them for a distinction between the two scenarios.
To give an idea of the numbers that can be expected, 5000 trapped staus whose
decays can be observed are assumed, which would be feasible at the ILC. For consistency,
the same cuts on the photon energy and the production angle are used as in [189],
xcutγ = 20/meτ and x
cut
θ = 0.134, which is discussed more below. First the whole phase
space within the cuts are looked at and the plots are considered in the sequence of left to
right and top to bottom. For 5000 trapped staus, the expected number of 3–body events
to be seen are 149±12, 58±8, 26±5 and 28±5, respectively. Looking at the region in
which the excess can be found, cos θ < −0.5 and xγ > 0.8, it is expected that 53±7 (36%
of the total number of 3–body events), 19±4 (33%), 0.3±0.6 (1.4%), 0.4±0.6 (1.4%)
events are seen, respectively. This looks very pessimistic for distinguishing between
the axino LSP and gravitino LSP scenario with m eB/meτ = 2.0. If the phase space
region is enlarged to cos θ < 0 while keeping xγ > 0.8, the numbers of events change
to 0.7±0.8 (3.5%) and 1.5±1.2 (5.2%), respectively, for these two cases. Admittedly
the improvement is not large, but in lieu of other signals, this discrepancy could be
indicative.
While in principle a distinction between the two scenarios using the same method
is also possible at the LHC, the low numbers of staus expected to be trapped within
the existing detectors there (see Table 4.2) mean that this line of study would be
ambitious, unless the bino and stau masses are almost degenerate. In the LHC related
study presented in [189], the authors proposed installing massive stoppers next to the
CMS detector at the LHC, in which the staus would be trapped and subsequently,
decay. With this stopper detectors set–up, it is possible that more staus are stopped,
as a larger βγ range can be accessed. However, the increase in the number of trapped
staus has to be more than tenfold to make this distinction between an axino LSP and
a gravitino LSP scenario feasible, especially if m eB = 2.0meτ is realised, as illustrated
above by the numbers calculated in the context of the ILC.
Instead of the differential distributions of the 3–body decay of the τ˜R, one can instead
focus on the total 3–body branching ratios, as in [189]. Using the results from [115],
it was shown in [189] that the success of the distinction between the axino LSP and
the gravitino LSP depends on the fudge factor ξ (see Sec. 2.2). With the calculation
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Figure 4.4: The branching ratio of the 3–body decay τ˜R → τa˜γ and τ˜R → τG˜γ as a function of
m eB −meτ for four different meτ , as labelled. The black lines represent the branching ratios into the
axino while the blue lines represent the branching ratios into the gravitino. The parameters in the
hadronic KSVZ model are set to fa = 10
11GeV, |eQ| = 1/3, y = 1.
presented in this thesis, the ambiguity related to the ξ factor is eliminated and the
different scenarios presented in [189] can be related to different values of fa.
In Fig. 4.4 a plot corresponding to Fig. 16 in [189] is presented showing the branching
ratio
Γ(τ˜R → τXγ; xcutγ = 20meτ , xcutθ = 0.134)
Γ(τ˜R → τX) , X = a˜, G˜, (4.3)
as a function of (m eB − meτ ). The same values for the cut parameters, xcutγ = 20/meτ
and xcutθ = 0.134, are adopted. The blue lines represent the branching ratios of the
staus decaying into the gravitino for meτ = 100, 130, 160, 190GeV, shown by the dot–
dashed, dotted, dashed and solid curves, respectively. The black curves that increase
towards smaller (m eB−meτ ) correspond to X = a˜ for ξ = 1 in [189]. From the presented
calculation, it can be determined that this in fact corresponds to a combination of
values of fa = 10
11GeV, |eQ| = 1/3 and y = 1. An enhancement in the 3–body
branching ratios for the decay into the axino is observed at small (m eB−meτ ) due to the
2–body decay being proportional to the bino mass squared, Γ(τ˜R → τ a˜) ∝ m2eB, while
the 3–body decay is not. Clearly, this is not so different from the stau decays into the
gravitino, unless (m eB − meτ ) is small. The difference in the 3–body branching ratios
between an axino LSP and a gravitino LSP scenario also becomes larger for smaller
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values of y or fa if the other parameters are fixed.
While collider experiments can certainly allow us to determine the lifetime and mass
of the stau fairly accurately, determining the properties, or indeed the identity, of the
LSP that it decays into is more challenging. Due to the very similarly weak couplings of
the gravitino, it is highly difficult to eliminate the ambiguity over whether the LSP is an
axino or a gravitino in collider experiments. As such, a discovery of axions would greatly
help in determining and/or constraining the parameters of the underlying model.
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Chapter 5
Scenarios with ma˜,mG˜ < mτ˜
Now the possibility of the existence of the gravitino in the mass spectrum of the models
studied in this thesis is considered. The gravitino is the gauge field associated with local
SUSY transformations. Its massm eG – which depends on the SUSY breaking mechanism
and the SUSY breaking scale – governs the strength of its interactions, which are
suppressed by inverse powers of the reduced Planck scale MPl = 2.4×1018GeV but can
be enhanced by the goldstino components. In fact, the gravitino is another extremely
weakly interacting particle that can be thermally produced in the early universe. The
mass of the gravitino m eG determines its place in the spectrum with respect to the a˜
and the τ˜R and thereby its possible implications.
In the above chapters, the scenario where mea < meτ , i.e. an axino LSP and a stau
NLSP was considered. Equivalently, the study can be generalised to the scenario mea <
meτ ≪ m eG. It can be realised, e.g. in a scenario with gravity–mediated SUSY breaking
leading to m eG = O(1 TeV). Such a heavy gravitino decays typically during or after
BBN such that its decay products can affect the primordial abundances of deuterium
and of other light nuclei. Successful BBN does thereby impose additional constraints on
TR that can be more restrictive than the ones presented in Sec. 3.5: TR . 10
8GeV for
m eG . 5TeV and TR & 10
9GeV becomes typically viable only form eG & 5TeV [152,162].
In Chapter 4 the hierarchy m eG < meτ < mea (or equivalently, a supersymmetric
scenario with no PQ extension) was considered in the context of differentiating the
experimental signatures of an axino LSP and a gravitino LSP. This is the gravitino
LSP scenario for which CBBN constraints on TR have already been explored [89, 96,
97, 163, 190] and for which the CBBN–imposed fa limit does not exist. It has already
been shown in Chapter 4 that the axino and gravitino LSP scenarios have very similar
collider signatures and distinguishing one from the other can be highly non–trivial. This
gravitino LSP scenario can also be associated with different upper limits on TR. For
example, it has been found that TR & 10
9GeV can be associated with an upper limit
on the gluino–slepton mass ratio of mg˜/ml˜ . 3 for ml˜ . 1TeV in the G˜ LSP case [190].
83
84 CHAPTER 5. SCENARIOS WITH mea, m eG < meτ
Limiting the study in this chapter to the hierarchy mea < meτ , yet another two
orderings of the masses are possible, mea < m eG < meτ and m eG < mea < meτ , and the
consequences of both of these are explored in this chapter. This can occur, for example,
in a hadronic axion model with gauge–mediated SUSY breaking [191]. Of course, these
ranges also imply the decays a˜→ G˜X and G˜→ a˜X. Given that their rates suffer from
a suppression by the Planck scale, these decays are assumed to occur too late to affect
CBBN or hadronic BBN.
Naturally, the question arises on how the above cosmological constraints and phe-
nomenological signatures look should not just one or the other, but both particles are
lighter than the long–lived stau. Without making any statements as to which of the
gravitino and axino is the LSP, the effects this may have on the constraints and analyses
performed in the preceding sections can be explored.
Let us first take a look at how the lifetime of the stau is affected. As in Sec. 2.4,
the lifetime of the stau is approximated to the the inverse of the 2–body decay width,
τ comb
eτ =
1
Γeτtot
≈ 1
Γeτ ,2btot
=
1
Γ(τ˜R → τG˜) + Γ(τ˜R → τ a˜)
. (5.1)
The result from [115] is used for the width of the 2–body decay of the stau into the
gravitino Γ(τ˜R → τG˜)
Γ(τ˜R → τG˜) = m
5
eτ
48πm2
eG
M2Pl
(
1− m
2
eG
m2
eτ
)4
. (5.2)
The decay into the gravitino is governed mainly by m eG, while working in the limit
of m2
ea/m
2
eτ ≪ 1 minimises the dependency of the decay into the axino on mea. Thus the
behaviour of the stau lifetime can be parameterised in terms of m eG and fa. Figure 5.1
shows lifetime contours of the stau as a function of m eG and fa (dotted lines). The solid
magenta lines indicate the fractional contribution of the partial 2–body decay width
into the axino to the total 2–body decay width of the stau
Γ2bea ≡ Γ(τ˜R → τ a˜) = xΓeτ ,2btot , x = 0.01, 0.1, 0.5, 0.9, 0.99. (5.3)
There are clear turning points in the lifetime contours indicating the region in which
the lifetime is governed by the decay into the gravitino and that in which it is governed
by the decay into the axino.
Figure 5.2 is the corresponding plot for the 3–body branching ratio
BR(3−body; xcutγ ; xcutθ ) ≡
Γeτ ,3btot
Γeτ ,2btot
=
Γ(τ˜R → τ a˜γ; xcutγ ; xcutθ ) + Γ(τ˜R → τG˜γ; xcutγ ; xcutθ )
Γeτ ,2btot
.
(5.4)
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Figure 5.1: Behaviour of the stau lifetime when it can undergo 2–body decays into both the axino
and the gravitino (mea,m eG < meτ ), as a function of m eG and the Peccei–Quinn scale, fa. The dotted
lines show lifetime contours while the solid lines indicate the partial decay width of the stau into the
axino as a fraction of the total decay width (5.3). The limit m2
ea/m
2
eτ ≪ 1 is taken such that the
lifetime’s dependence on the axino mass is minimised. The other parameters are set to meτ = 300GeV,
m eB = 1.1meτ , |eQ| = 1/3 and y = 1.
The dotted lines represent the 3–body branching ratio while the solid magenta lines
indicate the 3–body analogue of (5.3)
Γ3b
ea ≡ Γ(τ˜R → τ a˜γ) = xΓeτ ,3btot , x = 0.01, 0.1, 0.5, 0.9, 0.99. (5.5)
Again, the result from [115] is used for Γ(τ˜R → τG˜γ). For consistency xcutγ = 20/300 ≈
0.07 and xcutθ = 0.134 are used, as in Chapter 4.
The combined 4–body branching ratio of the stau decaying into the axino and
gravitino is shown in Fig. 5.3
BR(4−body) ≡ Γ
eτ ,4b
tot
Γeτ ,2btot
=
Γ(τ˜R → τ a˜qq¯) + Γ(τ˜R → τG˜qq¯)
Γeτ ,2btot
, (5.6)
where the expression for the decay into the gravitino is taken from [115]. Again, the
solid magenta lines indicate contours of the contribution of the decay into the axino to
the total decay width
Γ4b
ea ≡ Γ(τ˜R → τ a˜qq¯) = xΓeτ ,4btot , x = 0.01, 0.1, 0.5, 0.9, 0.99. (5.7)
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Figure 5.2: Branching ratio of the 3–body decay of the stau τ˜R → τγa˜/G˜ (mea,m eG < meτ ), as a
function of m eG and the Peccei–Quinn scale, fa. The dotted lines show contours of the branching ratio
(5.4) while the solid magenta lines indicate the partial decay width of the stau into the axino as a
fraction of the total decay width (5.5), similar to Fig. 5.1. The limit m2
ea/m
2
eτ ≪ 1 is taken where
the lifetime loses its dependence on the axino mass. The other parameters are set to meτ = 300GeV,
m eB = 1.1meτ , |eQ| = 1/3 and y = 1.
where the dotted lines show values of the 4–body branching ratio. It can be seen
that the inclusion of the decay into the gravitino modifies the stau branching ratios in
non–trivial ways.
The effects of this scenario on the constraints considered in Chapter 3 are straightfor-
ward. The combined lifetime given by (5.1) is used for the stau lifetime, which affects
all aspects of the considered cosmological constraints. For the constraints stemming
from late hadronic energy injection, the effects from the decay into the gravitino and
the axino are combined in an additive manner
ǫtothad =
1
Γeτtot
[∫ meτ−mea−mτ
mqq¯
dmqq¯mqq¯
dΓ(τ˜R → τ a˜qq¯)
dmqq¯
+
∫ meτ−m eG−mτ
mqq¯
dmqq¯mqq¯
dΓ(τ˜R → τG˜qq¯)
dmqq¯
]
, (5.8)
where Γeτtot = 1/τ
comb
eτ with τ
comb
eτ given by (5.1). The energy injected from the 2–body
decay is only slightly more involved. The combined electromagnetic energy injection is
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Figure 5.3: Branching ratio of the 4–body decay of the stau τ˜R → τqq¯a˜/G˜ (mea,m eG < meτ ), as a
function of m eG and the Peccei–Quinn scale, fa. The dotted lines show contours of the branching ratio
(5.6) while the solid magenta lines indicate the partial decay width of the stau into the axino as a
fraction of the total decay width (5.7), similar to Fig. 5.1. The limit m2
ea/m
2
eτ ≪ 1 is taken where the
lifetime’s dependency on the axino mass is minimised. The other parameters are set to meτ = 300GeV,
m eB = 1.1meτ , |eQ| = 1/3 and y = 1.
defined by
ǫtotem = 0.3
[
Γ(τ˜R → τ a˜)
Γeτ ,2btot
m2
eτ −m2ea
2meτ
+
Γ(τ˜R → τG˜)
Γeτ ,2btot
m2
eτ −m2eG
2meτ
]
. (5.9)
The resulting constraints are illustrated in the m eG–fa plane in Fig. 5.4 for meτ =
1TeV, m eB = 1.1meτ , m
2
ea/m
2
eτ ≪ 1 and yield Yeτ = 0.7 × 10−12. As usual, |eQ| =
1/3 and y = 1. As in the previous plots, contours of τeτ = 10
2, 104, and 106 s are
shown by the dotted lines. The magenta lines indicating the proportion of the total
decay width of the stau that is the decay into the axino are included for informational
purposes. The regions to the right of and above the long–dash–dotted (red) and the
solid lines are disfavoured by the CBBN constraints associated with (3.20) and (3.21),
respectively. Again, this follows the τeτ ≈ 5×103 s contour. This can be compared to the
constraints discussed in Chapter 3, which is summarised in Fig. 3.10. For the purposes
of comparison, the constraints obtained at meτ = 1TeV are looked at. The effect of
the decay mode into the gravitino can be seen starting to dominate the constraints for
m eG . 100GeV, where the values of fa & 3× 1013GeV are no longer disfavoured, and
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Figure 5.4: Cosmological constraints on the Peccei–Quinn scale fa as a function ofm eG. The hadronic
BBN constraints associated with (3.23) disfavour the regions in the upper right–hand corner enclosed
by the respective short–dash–dotted (blue) lines. Electromagnetic BBN constraints associated with D
disfavour the upper regions enclosed by the respective dashed (blue) lines and the ones associated with
3He/D the region above the double–dash–dotted (green) line. The regions to the right of and above
the long–dash–dotted (red) and the solid lines are disfavoured by the CBBN constraints associated
with (3.20) and (3.21). Contours of τeτ = 10
2, 104, and 106 s are shown by the dotted lines. The other
parameters are set to m2
ea/m
2
eτ ≪ 1, meτ = 1TeV, m eB = 1.1meτ , Yeτ = 0.7 × 10−12, |eQ| = 1/3 and
y = 1.
the CBBN constraints can be evaded altogether. This happens at approximately the
point where Γeτ ,2b
ea = 0.5Γ
eτ
tot.
The hadronic BBN constraints associated with (3.23) and (3.24) are shown by the
short–dash–dotted (blue) lines. The conservative constraints are in fact absent in this
scenario, in agreement with Fig. 3.10. The severe constraints disfavour the region
enclosed in the L–shaped strip of parameter space, bounded by the two long short–
dash–dotted blue lines. This shows that the region 2×1013GeV . fa . 4×1014GeV is
in fact disfavoured for m eG & 60GeV rather than for very heavy gravitinos as thought
previously (see Fig. 3.10). However, fa & 3 × 1013GeV is additionally constrained for
60GeV . m eG . 300GeV.
Electromagnetic BBN constraints associated with D disfavour the upper regions
enclosed by the respective dashed (blue) lines and the ones associated with 3He/D
the region above the double–dash–dotted (green) line. The same pattern as for the
hadronic BBN constraints are also observed here, but as already mentioned, they are
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of little significance as they lie well within the region already disfavoured by CBBN. So
in comparison to the mea < meτ < m eG scenario considered earlier, this scenario opens
up previously disfavoured regions of parameter space but also disfavours regions that
were previously free of constraints. For m2
ea/m
2
eτ ≪ 1 and meτ = 1TeV, the constraints
can be completely evaded if m eG . 60GeV.
In short, the CBBN–induced fa limit will exist if Γ(τ˜R → τ a˜) ≫ Γ(τ˜R → τG˜).
The TmaxR contours presented in Sec. 3.5 will then remain as conservative limits in the
axino LSP. The restrictive BBN constraints usually associated with an unstable G˜ can
be evaded since the gravitino can decay only into EWIPs [124]: G˜ → a˜a. However,
if mea is not much smaller than m eG, there can be a sizeable additional contribution to
the axino density, Ω
eG→eaa
ea = (mea/m eG) Ω
TP
eG
, where ΩTP
eG
denotes the thermally produced
density that the gravitino would have today, if it had not decayed. This leads to more
restrictive TR limits which are now governed by Ω
TP
ea + Ω
eG→eaa
ea ≤ Ωdm. In the gravitino
LSP case, the upper limit on fa imposes a lower limit on the thermally produced axino
abundance which decays via a˜→ G˜a into the gravitino density Ωea→ eGa
eG
= (m eG/mea) Ω
TP
ea ,
where ΩTP
ea is now the relic density that the axino would have today, if it had not decayed.
The TR limits in this case will be governed accordingly by Ω
TP
eG
+ Ωea→
eGa
eG
≤ Ωdm. Note
however that the CBBN constraints presented in [89, 96, 97, 163, 190] can be evaded
since τeτ can be reduced by the new dominant decay mode τ˜R → τ a˜. For Γ(τ˜R →
τ a˜) ≪ Γ(τ˜R → τG˜), the above discussion can be repeated with one difference: since
τeτ is governed by τ˜R → τG˜, the fa limit can be evaded while the CBBN constraints
discussed in [89, 96, 97, 163, 190] and its implications for ΩTP
eG
become relevant.
There can also be interesting phenomenological consequences of this hierarchy.
Should the decays of the staus trapped within the detector at the ILC be studied,
there are now two decay modes to consider. Depending on the degeneracy of the axino
and gravitino masses, the two modes could be observed very distinctively.
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Chapter 6
Conclusions
A KSVZ axion extension of the standard model embedded in supersymmetry has been
considered. In the realisation with conserved R–parity, the supersymmetric partner of
the axion, the axino, can be the lightest stable supersymmetric particle and thus a
dark matter candidate. A simple form of the superpotential that is generic for SUSY
hadronic axion models has been considered, in which the axion multiplet interacts
with the MSSM multiplets through loops of heavy (s)quarks. While the case with a
minimum number of SU(2)L–singlet KSVZ multiplets and with the lightest slepton l˜1
being a purely right–handed stau τ˜R has been explored, the study can be generalised
to more complicated settings in a straightforward way.
The large scale hierarchy between the Peccei–Quinn scale and the SUSY scalemQ ≫
mSUSY has been exploited and the method of heavy mass expansion applied to calculate
the 2–, 3– and 4–body decays of the stau NLSP into the axino LSP. In the two–loop
diagrams, large logarithms of the form log (y2f 2a/2m
2
eτ ) occur that make these diagrams
of the same order of magnitude as the one–loop diagrams and therefore relevant to the
leading order calculation. The lifetime τeτ has also been shown to be governed by the
2–body decay τ˜R → τ a˜, which first occurs at the two–loop level.
Furthermore, cosmological constraints coming from the dark matter density, free–
streaming velocity and modified BBN in axino cold dark matter scenarios with a long–
lived charged τ˜R NLSP have been explored. It is found that the τ˜R can be sufficiently
long–lived to allow for efficient catalysis of 6Li and 9Be via bound–state formation with
primordial nuclei. Observationally inferred abundances of 6Li and 9Be thus impose
upper limits on the stau lifetime τeτR for typical thermal relic abundances of the long–
lived τ˜R. Additionally, BBN constraints associated with hadronic and electromagnetic
energy release has been considered. While the region with fa . 10
12GeV is typically
not affected, those constraints become significant for larger fa such that models with fa
towards the grand unification scale are disfavoured. It is found that the hadronic BBN
constraints on fa can be more restrictive than those obtained from CBBN constraints.
The upper limits on the stau lifetime then allowed for the derivation of upper limits on
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the PQ scale fa that depend mainly on the masses of the stau meτ and of the lightest
neutralino meχ01 and on the electric charge of the heavy (s)quarks eQ.
Using only the CBBN constraints, the obtained limits on fa imply upper limits
on the reheating temperature TR since fa governs not only τeτR but also the efficiency
of thermal axino production and thereby the TR constraints imposed by Ω
TP
ea ≤ Ωdm.
Both numerical results and analytical approximations has been presented for those
BBN–imposed limits and their dependence on mea, meτ , meχ01 , and eQ has also been
discussed. For example, for meτ = 500GeV, meχ01 = 1.1 meτ , and |eQ| = 1/3, it is found
that fa . 10
13GeV and that TR & 10
9GeV is viable only for mea . 1MeV. The
even tighter upper limits that can be imposed on the reheating temperature from the
hadronic BBN constraints, which are relevant for models of inflation and baryogenesis,
were also discussed.
In the study carried out in this thesis, saxion effects were assumed to be negligible,
and the results depend crucially on this assumption. In situations in which the saxion
dominates the energy density before its decay, the entropy per comoving volume can
be enhanced by a factor ∆ > 1. If this additional entropy production takes place
before τ˜R decoupling, the BBN constraint on fa will not be affected but the thermally
produced axino density can be diluted so that ΩTP
ea → ΩTPea /∆ and TmaxR → ∆TmaxR . If
entropy increases by a large factor of ∆ > 103 after τ˜R decoupling and before BBN,
the τ˜R abundance can be diluted such that catalysed BBN of
6Li and 9Be cannot
become efficient. Then the CBBN–imposed constraints on fa and TR would not exist.
Nevertheless, ΩTP
ea → ΩTPea /∆ so that the Ωdm–imposed limit on TR would be relaxed
by a factor of ∆. However note that the baryon asymmetry would also be diluted by
a factor of ∆ and therefore a larger asymmetry would be needed before its dilution,
see [97] for a related discussion in the G˜ LSP case.
The phenomenological signatures at colliders that can be studied in the framework
of the model examined in this thesis were also considered. Four CMSSM points were
generated with the focus on scenarios in which the lifetime of the stau NLSP is O(10 s).
The possibilities of studying the decays of the staus without installing stopping detectors
were explored, which restricts the study to a small sample of the produced staus. At the
LHC with centre of mass energy
√
s = 14TeV and integrated luminosity L = 10 fb−1,
it was shown that a precise measurement of the lifetime would be challenging. The
accuracy obtained in these scenarios is at best 10%. For the ILC study, the events
were produced with
√
s = 600GeV and L = 250 fb−1. The resulting accuracies of the
stau lifetime, stau mass and axino mass measurements were highly dependent on the
number of staus trapped in the detectors. For the runs illustrated in the study, an
average 1% accuracy was obtained for the stau mass and as high as 3% accuracy for the
measurement of the lifetime. These numbers can easily be improved by fine–tuning the
centre of mass energies of the collisions so as to optimise the numbers of staus trapped
in the detectors. On the other hand, the axino mass was shown to be very poorly
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determined using the 2–body decay kinematics, which is not expected to significantly
improve with higher statistics for low axino to stau mass ratio.
Furthermore the possibility of distinguishing between the collider signatures of an
axino and a gravitino LSP scenario was explored. As both particles have very weak
couplings to normal matter, their signatures can look very similar at colliders. The
3–body decay τ˜R → τXγ where X = a˜, G˜, was studied in this context and it was shown
that the smaller the mass degeneracy between the stau and the bino, the larger is the
difference in the fully differential decay distributions between the axino LSP and the
gravitino LSP scenario. The decay into the axino LSP in this case has a significant excess
in the regions where hard and back–to–back photons are produced as compared to the
gravitino LSP. As m eB/meτ → 2.0, this deviation was shown to reduce significantly and
it becomes almost impossible to distinguish the two cases unless a very large number
of events are analysed. The total 3–body branching ratios were also looked at as a
means of distinguishing between the two cases. This study similarly showed that the
differences between the two cases increase towards smaller (m eB −meτ ) values.
Additionally the ways in which the cosmological constraints presented in this thesis
can be affected by the presence of the gravitino G˜, when it is also lighter than the stau
NLSP, were investigated. While the majority of the study focused on the hierarchy
mea < meτ ≪ m eG, the special case of mea, m eG < meτ was briefly studied in this part,
exploring the effects of the additional decay of the stau into the gravitino on the total
decay widths of the stau. Using this, BBN constraints in this scenario were derived
and it was found that the constraints can be significantly weakened and, e.g. evaded
for meτ = 1TeV if m eG . 60GeV and mea/meτ ≪ 1.
If mG˜ < meτ and Γ(τ˜R → τ a˜)≪ Γ(τ˜R → τG˜), τeτ is governed by τ˜R → τG˜. Then the
fa limit can be evaded while the CBBN constraints discussed in [89,96,97,108,162,163,
190, 192] and their implications for thermally produced gravitino abundance become
relevant. On the other hand, if Γ(τ˜R → τ a˜) ≫ Γ(τ˜R → τG˜), the hadronic BBN and
CBBN limits discussed in this thesis apply. However, the gravitinos lead to an increase
of the LSP density, thus leading to more restrictive TR limits. In this case the results
presented in this study remain as conservative upper limits.
The investigations presented in this thesis show that for the interesting case of new
long–lived charged particles, BBN constraints play an important role and can be used to
restrict the models considerably. These constraints will become particularly important
if such particles are produced and detected at the upcoming LHC experiments.
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Appendix A
Heavy Mass Expansion and Reduction
to Basic Scalar Integrals
A.1 Heavy Mass Expansion
Due to Feynman diagrams that can be highly complex to solve, one can make use of
large scale hierarchies involved to simplify the problem. As such, one calculates the
asymptotic expansions of Feynman amplitudes in the limits of certain masses and/or
momenta. Heavy mass expansion (HME) is one category of such an asymptotic expan-
sion in the limit of a large mass [193, 194]. It applies in the cases where the following
assumptions can be made
• each mass can be categorised as either large, Mi, or small, mi;
• all external momenta are small compared to the large masses, ki ≪ Mi.
For a Feynman integral F of Feynman diagram Γ, the expansion is compactly written
as
F(Γ)→
∑
γ
F(Γ\γ) ∗ T{ki,mi}F(γ) (A.1)
where γ represents the subgraphs over which the sum is performed (a subgraph is
derived by drawing all possible one–particle irreducible graphs containing the heavy
propagators). The operator T{ki,mi} performs a Taylor expansion on the subgraphs with
respect to the small parameters ki and/or mi. F(Γ\γ) represents the original graphs
where the subgraphs have been shrunk to a point.
When considering processes involving loops, special care must be paid to the loop
momenta qi. Since these are unconstrained by momentum and energy conservation,
they can be both of the order of the small parameters and of the large masses. In order
to carry out the expansion in a consistent manner, each of the momenta regions must
be individually looked out.
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SCALAR INTEGRALS
For the one–loop processes considered in this paper, there are two such regions. All
external momenta and masses outside the heavy (s)quark mass loop are taken to be
small. Let us refer to the first diagram in Fig. 2.3 and denote the momentum running
through the loop q2 with the heavy mass scale M . These 2 regions are then defined as
follows:
1. |q2| ∼M
2. |q2| ≪ M
A Taylor expansion for the second region yields a scaleless integral, which vanishes in
dimensional regularisation.
For the two–loop processes, there are four momenta regions that must be considered.
Let us refer to the diagrams in Fig. 2.1 and denote the momentum running through
the outer loop q1 and the momentum running through the heavy loop q2. Then these 4
regions are defined as follows:
1. |q1|, |q2| ∼M
2. |q1| ≪ M, |q2| ∼M
3. |q1| ∼M, |q2| ≪M
4. |q1|, |q2| ≪M
After the appropriate Taylor expansions, the last two regions reduce to scaleless inte-
grals, which vanish in dimensional regularisation. This leaves only the first and second
regions, which in practical terms translate into the Taylor expansion of the whole di-
agram and the Taylor expansion of only the heavy loop with respect to the small pa-
rameters, respectively. Figure A.1 gives a pictorial depiction of what is going on in the
two–loop case, where the propagators with the large mass parameterM are represented
by thick lines and the rest by thin lines.
A.2 Tensor Reduction
Using Passarino–Veltman reduction procedures, the tensor integrals were simplified to
scalar ones. Using the following notation,
T0(n1, n2, n3) =
∫
dDq1 d
Dq2
1
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)2n3
, (A.2)
T µ1···µnν1···νn(n1, n2, n3) =
∫
dDq1 d
Dq2
qµ11 · · · qµn1 qν12 · · · qνn2
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)2n3
, (A.3)
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Figure A.1: The leading term in the heavy mass expansion of the two–loop 2–body decay of the stau
NLSP into the axino LSP, where the propagators with the large mass parameter M are represented
by thick lines and the rest by thin lines. propagators.
the following relations were used in order to reduce the tensor integrals:
T µ1ν1(n1, n2, n3) =
1
D
gµ1ν1q1.q2T0(n1, n2, n3), (A.4)
T µ1µ2ν1ν2(n1, n2, n3) =
1
D3 +D2 − 2D
[{
(D + 1)q21q
2
2 − 2(q1.q2)2
}
gµ1µ2gν1ν2
+{D(q1.q2)2 − q21q22}(gµ1ν1gµ2ν2 + gµ1ν2gµ2ν1)
]
T0(n1, n2, n3), (A.5)
where gµν is the metric tensor and D is the number of dimensions.
A.3 Integration by Part Identities
After applying the heavy mass expansion and tensor reduction formulae, only vacuum
two–loop integrals and one–loop integrals are left (the results of which are well–known).
The two–loop integrals take the form T0(n1, n2, n3). These are simplified with the
use of integration by parts (IBP) identities, reducing the two–loop integrals to master
integrals.
Using the following identities,∫
dDq1 d
Dq2
∂
∂qµ1
qµ1
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)n3
= 0 (A.6)∫
dDq1 d
Dq2
∂
∂qµ1
qµ2
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)n3
= 0 (A.7)∫
dDq1 d
Dq2
∂
∂qµ2
qµ1
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)n3
= 0 (A.8)
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∫
dDq1 d
Dq2
∂
∂qµ2
qµ2
(q21 −m2Q)n1(q22 −m2Q)n2(q1 + q2)n3
= 0 (A.9)
all the integrals that appear in the calculation are reduced to master integrals. This
was implemented using the Automated Integral Reduction program [195]. In fact, in
the course of the calculation, there was only one master integral, T0(1, 1, 0), where the
two–loop integral decouples into a product of two one–loop integrals.
Appendix B
Free–Streaming Velocity
Free–streaming is also known as collisionless phase mixing. During this phase, collision-
less particles stream out of overdense regions and suppress density fluctuations below
the comoving free–streaming scale λFS. As explained in Sec. 3.2, λFS is obtained by
integrating over the velocity of the particle from the time it is generated to the time of
matter-radiation equality teq
λFS =
∫ teq
ti
dt
v(t)
a(t)
. (B.1)
The comoving velocity of the axino at time t is given by
v(t) =
|~p(t)|√|~p(t)|2 +m2 , (B.2)
where the momentum at time t can be related to the momentum today using |~p(t)| =
|~p0(t)|a0/a(t) = |~p0(t)|a(t). This leads to the relation
v(t) =
v0√
v20 + a(t)
2
, (B.3)
where p0 = mv0.
In the radiation–dominated epoch
t
a2(t)
=
teq
a2(teq)
= teq(1 + zeq)
2. (B.4)
This relation can be used in (B.3) and (B.1) to obtain
λFS(teq) =
∫ teq
ti
dt
v0
a(t)
√
v20 + a(t)
2
, (B.5)
= v0 teq (1 + zeq)
2
∫ teq
ti
dt
1
t
√
1 + v20(1 + zeq)
2teq/t
. (B.6)
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After integration, this becomes
λ0FS=
∫ teq
ti
dt
v(t)
a(t)
= v0 teq (1 + zeq)
2 log
(√
teq
ti
1 +
√
1 + v20 (1 + zeq)
2
1 +
√
1 + v20 (1 + zeq)
2(teq/ti)
)
,(B.7)
where (3.12) is then obtained at the limit ti → 0.
The corresponding free–streaming velocity of the collisionless particle is given by
v0 ≡ v0FS. The form that v0FS takes depends on the cosmic origins of the particle. In
WDM studies, the DM particles are taken to have decoupled from the hot plasma with
a thermal spectrum while still relativistic at TWDMf ≫ mWDM.
The DM particles are taken to be non–relativistic today, so the present day velocity
can be written as ~v0 = ~p0/mWDM. The redshift relation ~p0a0 = ~p1a1 relates the present
day velocity to its velocity at some time t1 in the past, where ai is the scale factor at
time ti. Using
g∗S(t0)(a0T0)
3 = g∗S(t1)(a1T1)
3, (B.8)
~v0 can be rewritten as
~v0 =
~p1
m
a1
a0
=
~p1
m
(
g∗s(t0)
g∗s(t1)
)1/3
T0
T1
. (B.9)
For non–degenerate, relativistic particles that obey Fermi statistics, the root mean
square momentum at the time of freeze–out is given by
〈p(TWDMf )〉 = 3.151TWDMf . (B.10)
Using (B.9), the root mean squared velocity is then
〈~v0〉 = 3.151 T0
mea
(
g∗s(t0)
g∗s(TWDMf )
)1/3
. (B.11)
The density of these thermal relics is given by ρWDM = mWDM nWDM which fixes its
abundance to
ΩWDMh
2 = 0.05
(
230
g∗S(T
WDM
f )
)(mWDM
100 eV
)
. (B.12)
Since it is typically assumed that all dark matter is made up of one species of particle,
g∗S(T
WDM
f ) is fixed by the requirement ΩWDM = Ωdm, which leads to the following
expression for the r.m.s. velocity of WDM
(vrms,0FS )
WDM = 0.75 km s−1
(
Ωdmh
2
0.105
)1/3(
100 eV
mWDM
)4/3
, (B.13)
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where T0 = 2.73K and g∗S(t0) = 3.91 have been used.
For the specific case of axino dark matter, all three sources of origin that are dis-
cussed in Chapter 3 are considered here. These are the thermal relics, thermally pro-
duced and non–thermally produced axinos.
B.1 Thermal Relic Axinos
Like the generic WDM considered above, these axinos were once in thermal equilibrium
and decoupled from the primordial plasma while still relativistic at T eaf ≫ mea. Thus
their r.m.s. momentum is similarly given by
〈p(T eaf )〉 = 3.151T eaf . (B.14)
Without setting Ωtherm
ea = Ωdm, the value of g∗S(T
ea
f ) is not fixed. Instead, with an
MSSM realisation with a PQ extension, this can be set to g∗S(TR) ≈ 230, leading to
the r.m.s. value of their present free–streaming velocity given by
(vrms,0FS )
therm
ea = 0.57 km s
−1
(
230
g∗S(T
ea
f )
)1/3(
100 eV
mea
)
. (B.15)
B.2 Thermally Produced Axinos
As the TP axinos inherit the thermal spectrum of the particles that produce them, they
acquire the same free–streaming velocity as the thermal relic axinos (B.11)
(vrms,0FS )
ea,TP = 0.57 km s−1
(
230
g∗S(TR)
)1/3(
100 eV
mea
)
. (B.16)
B.3 Non–Thermally Produced Axinos
For the present free–streaming velocity of axinos produced from the non–thermal decay
of the stau, (B.9) is used as the starting point. Here, time t1 is the time at which the
axinos are produced, which can be set to t1 = τeτ when using the sudden decay approxi-
mation. As the decay is dominated by the 2-body decay τ˜R → τ a˜, the momentum from
the kinematics of this decay can be used to determine the momentum with which the
axinos are produced
|~pea| = m
2
eτ −m2ea −m2τ
2meτ
. (B.17)
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The energy density determines the expansion rate through the Hubble parameter which,
as the decay happens in the radiation dominated epoch, τeτR < teq, takes the form
H2(t) ≡
(
a˙
a
)2
=
8πGN
3
ρR =
8πGN
3
π2
30
g∗(t)T
4, (B.18)
where ρR is the radiation density for a flat universe (k=0). In the radiation–dominated
era, the radiation density evolves as ρR ∝ a−4. This leads to the Hubble parameter to
evolve as H(t) = 1/2t, leading to the following expression for the temperature at time
t
T =
[
90M2Pl
4π2g∗(t)t2
]1/4
. (B.19)
Substituting this into (B.9), an expression for the present free–streaming velocity of
axinos that are non–thermally produced from NLSP decays is obtained in the mτ → 0
limit
v0ea,NTPFS =
1
mea
m2
eτ −m2ea
2meτ
T0
(
g∗S(T0)
g∗S(τeτ )
)1/3(
4π2g∗(τeτ )τ
2
eτ
90M2Pl
)1/4
. (B.20)
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